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Abstract 

In this research work we obtained experimentally very wide and flattened 

supercontinuum (SC) spectra using noise-like pulses (NLPs) as pump in standard 

single-mode fiber (SMF, non-zero dispersion at 1550 nm, low nonlinear coefficient). 

NLPs were produced by two different configurations of all-fiber figure-eight lasers 

(F8Ls). On the one hand, we demonstrated experimentally (this was confirmed by our 

simulations) that NLPs allow SC generation even with moderate input powers  

(few tens of mW) in long lengths of fiber not optimized for this purpose like the 

SMF, since the nonlinear processes integrate over long lengths and are still operating 

and widening the spectrum even after hundreds of meters; besides, adding a piece of 

high-nonlinearity fiber (HNLF), optical spectra covering about 1000 nm with a very 

good flatness and a very high dynamic range were produced. On the other hand, we 

obtained record pulse energies as high as 300 nJ in a scheme where the polarizing 

element is absent; without a strict polarization control, NLPs could avoid pulse 

splitting when pump power is increased, generating a SC of more than 200 nm 

directly at the laser output. In addition, by increasing the harmonic mode locking 

(HML) order and extending the length of the cavity, we were able to flatten the 

spectrum to less than 3 dB over 160 nm. These results show that NLPs could be 

useful to develop cheap SC light sources for diverse applications like optical 

coherence tomography (OCT) or optical device testing; such sources would compare 

favorably to others that require expensive laser diodes or photonic crystal fibers, 

increasing the cost. 
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1 

Chapter 1. Introduction 

Passively mode locked fiber lasers (PML-FL) are simple, compact and low-cost 

sources that have long been studied for the production of a wide variety of optical 

pulses like conservative solitons, dispersion-managed solitons, similaritons, 

dissipative solitons, dissipative soliton resonance (DSR) pulses and noise-like pulses 

(NLPs), due to their significance in scientific research and industry.  

In particular, the study of NLPs, reported for the first time since two decades ago [1], 

has attracted much attention in recent years due to their distinctive features, such as 

being highly energetic [2–4] and displaying a wide optical spectrum; but also, 

presenting a quite stable global behavior on large time scales, but at the same time 

showing a chaotic behavior at the local level as they are formed by thousands of 

ultrashort pulses (fs-ps) [5], which makes that this regime is considered by many 

authors as partial or incomplete mode locking. Nonetheless, the properties of these 

pulses allow the study of some less stationary regimes [6,7] including the study of 

extreme optical events [8,9]. In addition, due to the behavior already mentioned, the 

development of diverse applications in the fundamental mode locking operation has 

also been carried out; for instance, low-coherence spectral interferometry [10], 

materials processing [11], sensing [12], bio-imaging [13], and supercontinuum (SC) 

generation [4,14–17]. In the latter topic, the use of NLPs as pump to generate very 

broad and flat spectra has been promoted by several researchers motivated by the 

need to improve supercontinuum sources in terms of efficiency and low cost.  

In the particular framework of SC generation, where narrowband optical signals 

undergo a broad spectral widening as a result of the combination and interaction of 

multiple nonlinear optical phenomena [18], NLPs offer some advantages over 

ultrashort pulses (USPs) and conventional ns-long pulses. In particular, it is well 

known that in a dispersive medium, an USP disperses very quickly and its peak 

power vanishes which causes the early extinction of nonlinear effects. Hence, SC 
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generation with these pulses requires that the nonlinear spectral widening occur over 

a very short initial distance in the material, requiring fibers with high nonlinear 

coefficient and specially adapted dispersion properties, such as photonic crystal fibers 

(PCF) [19], which are generally very expensive. In contrast, despite their fine internal 

structure (sub-ps), NLPs are very long so they do not disperse rapidly and their peak 

power remains high over long distances; therefore, nonlinear effects are integrated 

over much longer fiber lengths, allowing SC generation even in fibers whose 

nonlinear and dispersive properties are not optimized for this purpose, such as 

standard single-mode fiber (SMF) [17], as it is shown in the present thesis. On the 

other hand, conventional ns-pulses undergo spectral broadening initially driven by 

modulation instability (MI), which progressively transforms the long pulse into a 

packet of USPs [19]; in general terms, this fragmentation stage is omitted when NLPs 

are used, because from the beginning there is a packet of USPs with a large spectral 

width. Besides, the spectrum flatness of conventional ns-pulses is usually reduced by 

the presence of a pronounced peak of residual pump and the required input peak 

power usually scales as a few kW [20]. Another advantage of NLPs over other PML 

pulses is their high energy per pulse: about 1000 times more than that of a soliton [2–

4], which is important in the frame of SC generation, because a SC once generated 

can hardly be amplified without drastically reducing the bandwidth. 

On the other hand, in addition to experimental works on SC generation, numerical 

studies have been carried out by using different pulses as pump [21,22] either to 

better understand the nonlinear processes involved or to propose better broadband 

sources, by modeling the pulse propagation in optical fiber solving numerically the 

nonlinear Schrödinger equation (NLSE) or its general form (GNLSE). For such 

purpose some numerical methods have been developed, including the Split-Step 

Fourier (SSF) [23], the Runge–Kutta (RK) scheme introduced by Blow and Wood 

[24], some variants of them, and the Fourth-Order Runge–Kutta in the Interaction 

Picture (RK4IP) method [25,26]. Although the latter was originally developed to 

model the Gross–Pitaevskii equation [27], which describes the dynamics of Bose–

Einstein condensates, due to its similarity with the GNLSE, the algorithm was applied 
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for propagating a pulse in optical fibers, placing the time and space variables in 

opposite roles. Nonetheless, in spite of the benefits offered by all these methods, very 

few works using them for modeling SC generation have been published, being even 

much less the amount of literature that focuses on the use and study of NLPs. 

In an attempt to fill the gap, in the present thesis, NLPs were achieved both experi-

mentally and numerically with the intention of using them as pump to generate broad 

and flattened spectra.  

In order to understand the nonlinear processes involved in these nonlinear phenom-

ena, some basic concepts are presented in Chapter 2, as well as a brief overview on 

NLPs in the frame of SC generation. 

In Chapter 3, fairly stable NLPs obtained from a figure-eight laser (F8L) made almost 

entirely of conventional fiber are presented. By means of another F8L cavity, high-

energy pulses were obtained (over 300 nJ) which triggered the generation of broad 

and flattened spectra directly at the laser output. 

Then in Chapter 4, those NLPs obtained from the two different F8L architectures 

were used as the seed for SC generation. Through the pulses produced with the first 

laser, spectra covering almost 1000 nm were generated, when NLPs were amplified at 

the laser output and propagated in a nonlinear medium externally composed of spools 

of specific lengths of SMF and high-nonlinearity fiber (HNLF). On the other hand, 

using the high-energy NLPs from the second cavity, flatter spectra were obtained by 

increasing the harmonic mode locking (HML) order and the length of the SMF spool 

in the sing section. Finally, fundamental mode locking (ML) pulses were propagated 

in a spool of HNLF to obtain a SC spectrum of more than 450 nm without an external 

amplifier. 

Lastly, the numerical work is presented in Chapter 5. In a F8L model, more than 1000 

NLPs were obtained. In this process, a very complex and rich dynamics was observed 

by taking some sequences of consecutive pulses which was compared to our 

previously reported experimental works, both sets of results being consistent. The 
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other hundreds of pulses were propagated numerically in sections of SMF in order to 

generate SC averaged spectra, finding similarities with the experimental results of 

Chapter 4. For these developments, two numerical methods were used: the Split-Step 

Fourier and the Fourth-Order Runge–Kutta in the Interaction Picture. 

 



 

5 

Chapter 2. Basic concepts and a brief 

overview on SC generation via NLPs 

The objective of this Chapter is to present a brief overview about noise-like pulses 

(NLPs) and supercontinuum (SC) generation, displaying first some basic concepts 

that are necessary to understand some processes involved in them. Sections 2.1 to 2.3 

present the concept of optical pulse and its main features. Nonlinear effects in optical 

fibers are presented in Section 2.4 meanwhile in Section 2.5 are showed the pulses 

produced in passively mode locked fiber lasers (PML-FL). Sections 2.6 and 2.7 

present the mode locking techniques and the kinds of PML-FL. Finally, Section 2.8 

shows the state of the art on SC generation using NLPs. 

2.1 Optical pulse 

A pulse of light is a concentrated packet of electromagnetic waves dependent on time 

and space. In particular, lasers are capable of generating optical pulses (pulsed light) 

or continuous wave (CW) beams. In the first case, there is a wide range of pulses that 

varies according to their duration, shape (temporal and spectral), and energy. 

Neglecting spatial dependence, the electric field of a pulse can be represented as 

 ( )  
 

 
 ( )    (       ( ) )       (2.1) 

where  ( ) is the amplitude,    is the carrier frequency, y  ( ) the phase. If we only 

preserve the complex amplitude, we will have  

 ( )   ( )    (   ( ))  (2.2) 

From Eq. (2.2) we have that the intensity and phase are, respectively, 
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 ( )  | ( )|     ( )         (
    ( ) 

    ( ) 
)  (2.3) 

By way of illustration, a representation of a Gaussian pulse is shown in Fig. 2.1. Here 

we must clarify that, although in this figure only the amplitude of the envelope can be 

observed, it is actually a complex function that also contains information about the 

phase (Cfr. Eq. (2.1)). 

  

Fig. 2.1. Gaussian pulse profile, its envelope and intensity. 

In the case of USPs, the order of magnitude of its duration is from 100s of fs to ps. 

This means that its envelope covers hundreds or thousands of periods of light (of the 

order of ~fs in the near IR), which can hardly be represented. 

2.2 Chromatic dispersion  

It is a linear phenomenon where photons interact with the bound electrons of a 

medium. Because the optical spectrum of an ultrashort pulse is not monochromatic 

but contains multiple wavelength components (has nonzero bandwidth), which travel 

at different velocities in presence of dispersion, the pulse tends to broaden temporally 

(Fig. 2.2). In a material such as the silica of the optical fibers the amount of 

dispersion depends on the wavelength. 
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Fig. 2.2. Dispersion of a pulse after passing through a disper-

sive medium. Before the dispersion, the pulse is narrow; then, 

the multiple wavelength components are scattered. 

In order to describe the dispersion, we shall write the fundamental mode propagation 

constant   for a pulse around a carrier frequency    in Taylor series expansion, at 

which the pulse spectrum is centered: 

 ( )   ( )
 

 
      (    )  

 

 
  (    )

    (2.4) 

with 

   (
   

   
)|

    

(         )  (2.5) 

For     and     in Eq. (2.5),    is related to the refractive index:       ⁄  

    ⁄ , where    is the group velocity (dependent on the wavelength) and    is the 

group index. And while the group velocity describes the displacement of the envelope 

of an optical pulse, the parameter    (expressed in      ⁄ ) represents how much  

the group velocity is dispersed, i.e., how much the pulse broadens temporally.  

This phenomenon is known as group-velocity dispersion (GVD), where    is the 

GVD parameter [23]; GVD is usually defined as the derivative of    with respect  

to the wavelength, this is      ⁄ . It is important do not to confuse GVD with  

group delay dispersion (GDD): also written as   , GDD is the second derivative of 
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the change in spectral phase   (expressed in    ); but also, GDD = L ∙ GVD, with L 

the length of a medium. While GVD is related to matter, GDD is related to light. 

In addition to   , it is common to use the dispersion parameter   (expressed in 

    ⁄   ⁄ ), which is related to    and  , and has always the opposite sign: 

  
   

  
  

   

  
    

 

 

   

   
  (2.6) 

Something important to mention is that both parameters,    and  , vanish at the zero-

dispersion wavelength     occurring near 1.27 µm for pure fused silica, as depicted 

in Fig. 2.3(a). Although for a fiber,     moves slightly above (1.312 µm) due to the 

guide dispersion contribution, as depicted in Fig. 2.3(b). For wavelengths shorter than 

    (     ), the fiber exhibits what is called normal dispersion, where      and 

   ; this means that components of the pulse with shorter wavelengths (higher 

frequencies) travel slower than components with longer wavelengths (lower 

frequencies) of the same pulse. The opposite occurs in the anomalous dispersion 

regime (     ) in which      and    ; this regime allows the balance 

between nonlinear and dispersive effects which supports the propagation of 

conservative solitons (see Subsection 2.5.1).  

 

 

Fig. 2.3. (a) Variation of  2 and   with the wavelength for 

pure fused silica ( ZD       µm); (b) variation of   with the 

wavelength for standard fiber ( ZD       µm). 
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Chromatic dispersion should not be confused with another type of dispersion called 

modal dispersion. In this phenomenon, the group velocity in a multimode fiber 

depends not only on the frequency but also on the mode of propagation involved. 

Besides, there is another type of dispersion that depends on the polarization in the 

optical fiber, which occurs when the light propagates slightly differently for the 

modes polarized on the   and   directions: the polarization mode dispersion. It 

occurs due to defects in the fibers, temperature variations or mechanical stress, 

causing changes in the state of polarization, even though the fibers are designed to 

have a rotational symmetry and do not present birefringence.  

2.3 Instantaneous frequency and Chirp 

The instantaneous frequency  ( ) is a time-dependent frequency variable which can 

be defined as the temporal derivative of the instantaneous oscillation phase  : 

 ( )  
  

  
  (2.7) 

The chirp   can be understood as the time variation of the instantaneous frequency 

along the optical pulse, which corresponds to a temporal separation of frequencies 

within the envelope of the pulse, expressed as the derivative of Eq. (2.7): 

  
 

  
 ( )  

   

   
  (2.8) 

As an example, we consider the case of a Gaussian pulse for which the incident field 

has the general form 

 (   )  | (   )|       (   )   (2.9) 

or in particular 

| (   )|     (      
 ⁄ )   (   )  

 ( )  

   
   (2.10) 

Then, the incident field of a linearly chirped Gaussian pulse is 
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 (   )     [ (    )      
 ⁄ ]  (2.11) 

In this case, if    , the instantaneous frequency increases from the leading to the 

trailing edge and we have an up-chirped pulse; if    , we have a down-chirped 

pulse; and if     in Eq. (2.11), we get Eq. (2.10): an unchirped, transform-limited 

pulse (with no phase modulation) [23]. All possible cases with linear chirp are 

presented in Fig. 2.4, illustrating the different behaviors depending on the dispersion 

amplitude and sign. It is worth mentioning that a uniform chirp (linear instantaneous 

frequency), in a pulse that initially has no chirp, is produced by chromatic dispersion; 

non-uniform chirps are produced by third-order nonlinear phenomena (see Fig. 2.5). 

 

Fig. 2.4. Gaussian pulses: (a) initial (   ) transform-limited 

pulse intensity profile, instantaneous frequency (zero slope) 

and electric field; (b) pulse broadened by normal dispersion 

(positive chirp); (c) pulse broadened by anomalous dispersion 

(negative chirp) (a value of | | larger than in (b) yields larger 

chirp and pulse duration). 
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2.4 Nonlinear effects in optical fibers 

When an intense electric field interacts with dielectric materials such as fibers, they 

behave as nonlinear media. The origin of the nonlinear response is related to the 

anharmonic movement of electrons bound under the influence of an applied field. As 

a result, the total polarization  ⃗  induced by electric dipoles is not linear in the electric 

field  ⃗⃗ , but satisfies a more general relationship, written in the form of power series 

expansion: 

 ⃗    ( 
( ) ⃗⃗   ( ) ⃗⃗   ⃗⃗   ( ) ⃗⃗   ⃗⃗   ⃗⃗   )  (2.12) 

where    is the vacuum permittivity and  ( ) is a tensor of rank     and means the 

jth order susceptibility. The linear susceptibility  ( ) represents the dominant contri-

bution to  ⃗ , and the second-order susceptibility  ( ) is responsible for such nonlinear 

effects as second-harmonic generation, optical parametric amplification, sum-

frequency generation, among other; however,  ( ) vanishes in media having inversion 

symmetry at molecular level like silica (SiO2). For this reason, the third-order 

nonlinear effects ( ( )) are those which take importance in the study of pulses in 

optical fibers.  

2.4.1 Optical Kerr effect  

The nonlinear optical Kerr effect is a phenomenon with an instantaneous response in 

which, due to the interaction with an intense electric field, the refractive index of the 

medium changes. It can be written as 

 (   )
 
   ( )  

 

 

 ( )

  

| ( )| 

       ( )

 (2.13) 

with   as the intensity of the electric field,    as the linear refractive index and  

   as the second-order nonlinear refractive index (Kerr coefficient); the nonlinear  
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index for fused silica is  

             ⁄   (2.14) 

It is important to remark that the Kerr effect is a self-induced effect in which the 

phase velocity (velocity at which the phase of any one frequency component of the 

wave will propagate) depends on the intensity of the same wave. This effect is 

manifested in optical fibers, even with relatively low intensities, due to the small 

mode area (especially in standard fiber) and the long lengths used [28]. 

2.4.2 Self-phase modulation 

This nonlinear phenomenon is a consequence of the Kerr effect, where light in a 

nonlinear material undergoes instantaneously a nonlinear delay in its phase (phase 

shift) as a consequence of its own intensity. This is  

        ( )
  

 
              (2.15) 

where   is the fiber length,   (expressed in        ) is the nonlinear coefficient 

  
    

     
  (2.16) 

  is the power and      the effective modal area 

     
(∬ | (   )|     

 

  
)
 

 ∬ | (   )|     
 

  

  (2.17) 

Hence, the phase of an optical pulse changes by 

   (      )              (2.18) 

As the index changes the phase (time dependent) of the wave, a spectral broadening 

of the pulse occurs [29]. Hence, the initial pulse acquires a temporally varying 

instantaneous frequency: a non-uniform chirp along the pulse (unlike the case of  

the chromatic dispersion). In contrast, the temporal profile of pulse intensity (in 
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particular, duration) does not change (contrary to dispersion, where the temporal 

profile changes and the spectral one does not). Under the effect of self-phase 

modulation (SPM) the instantaneous frequency displays an “S” shape, as can be seen 

in Fig. 2.5 (Cfr. Fig. 2.4); however, near the pulse peak, the instantaneous frequency 

curve is approximately linear with a positive slope. 

 

Fig. 2.5. (a) Gaussian pulse which has experienced SPM,  

and (b) its instantaneous frequency (non-uniform chirp but 

approximately linear near the peak). 

2.4.3 Cross-phase modulation 

In this nonlinear optical effect a light beam “ ” can affect the phase of a copropa-

gating beam “ ” through the Kerr effect. This can be described as a change in the 

refractive index: 

  ( )      
( )  (2.19) 

where the intensity  ( ) of the beam   causes a refractive index change in the beam 

 , with    the nonlinear index. Cross-phase modulation (XPM), which is always 

accompanied by SPM, induces nonlinear coupling among overlapping optical pulses, 

and induces also asymmetric chirp and spectral broadening [30]. In the frame of  

the latter, by means of a polarizer in the laser cavity, the wings of the pulse are 

clipped making shorter the pulse; besides, different nonlinear phase shifts for the  
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two polarization components of a pulse allow mode locking through nonlinear 

polarization rotation (NPR, see Subsection 2.7.1.1). 

2.4.4 Stimulated Raman scattering 

When light is scattered in a medium there are two possibilities: there may exist 

energy exchange with the material (Raman scattering), or such an exchange may not 

occur (Rayleigh scattering). The Raman scattering meanwhile, leads to two possible 

outcomes: absorption of energy by the material when an optical photon hit it (Stokes) 

or loss of energy (anti-Stokes) [23]. A representation of these interactions is shown in 

Fig. 2.6. At the beginning, the Raman scattering is a spontaneous process of coupling 

of light with the molecular vibrations of the medium in which it propagates. 

Nonetheless, the Stimulated Raman scattering (SRS) takes place when an excess of 

Stokes photons that were previously generated by spontaneous Raman scattering are 

present or added to the excitation beam. This third-order phenomenon then creates a 

Stokes band on the longer wavelength side, shifted by 13.2 THz (≈ 440     ) which 

means ~113.5 nm at 1550 nm from the center of the pulse spectrum, as depicted in 

Fig. 2.7 [24,32,33]. If a pulse has a wide bandwidth (10s of nm), the SRS redis-

tributes the energy from the higher frequency components to the lower ones of the 

pulse. As a result, the spectrum is shifted to longer wavelengths and loses symmetry; 

this phenomenon is known as self-frequency shift (since no other pulse is involved). 

 

Fig. 2.6. Light scattering: (a) Rayleigh scattering, (b) Stokes 

Raman scattering and (c) anti-Stokes Raman scattering. 
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Fig. 2.7. Raman gain response spectrum   ( ) for fused 

silica with pump at 1550 nm. 

2.4.5 Modulation instability 

It is a nonlinear parametric process whereby the small fluctuations of a continuous 

waveform are reinforced by the presence of nonlinearities, giving rise to the 

generation of spectral sidebands (Fig. 2.8; see also Fig. 2.10) and the eventual rupture 

of the waveform into USPs; this means, modulation instability (MI) manifests itself 

as breakup of the CW or quasi-CW radiation into a train of USPs [19,23]. MI, which 

in particular can be initiated by two CW beams with slightly different wavelengths, is 

very useful for producing USP trains allowing tuning of the pulse repetition rate [31].  

 

Fig. 2.8. MI gain spectra for three values of     when a CW 

beam is launched into a fiber with  2 = –5 ps
2
/km. 
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And although MI is initiated by SPM, the most important condition for its happening 

is to have anomalous-GVD regime, at least in standard single-mode fiber (SMF). The 

gain spectrum of modulation instability is written as  

 ( )  |   |√  
      (2.20) 

where   is the frequency of perturbation and     √|  |   ⁄ , with     the length 

over which dispersive or nonlinear effects become important for pulse evolution [23]. 

2.4.6 Four-wave mixing  

It is a phase-sensitive third-order parametric phenomenon, which implies that it is 

strongly affected by phase matching conditions. In combination with SPM, XPM, and 

SRS, four-wave mixing (FWM) can generate very strong spectral broadening in 

fibers, toward longer but also toward shorter wavelengths: sidebands spaced at equal 

frequency intervals from the pump frequency [34]. It should be mentioned that under 

phase matching conditions, FWM can suppress SRS because the threshold of the 

former is lower than that of the latter [23]. 

FWM can occur if at least two photons of different wavelengths interact together in a 

nonlinear medium. The interactions between these three wavelengths produce one 

new wavelength. By energy conservation, the relation among the frequencies of these 

four photons is given by 

             (     )  (2.21) 

where    and    are the pumping light frequencies, and    is the signal light 

frequency (probe light), interacting to generate a fourth frequency     . 

If we assume that Eq. (2.21) presents all different frequencies, the phenomenon is 

called non-degenerate FWM, illustrated in Fig. 2.9(a). This is 

             (2.22) 
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On the other hand, if we assume in Eq. (2.21) that the two pumping photons have 

identical frequencies (     ), we shall have the degenerate four-wave mixing 

(DFWM), illustrated in Fig. 2.9(b), where these two photons are annihilated while 

other two (   and   ) are created simultaneously shifted toward the blue and red 

sides. So, Eq. (2.21) becomes  

         . (2.23) 

It is worth mentioning that in addition to the frequencies of the photons involved, it  

is also necessary to consider the conservation of momentum  ⃗ ; the phase-matching 

conditions are depicted in Fig. 2.9 (bottom). 

 

 

Fig. 2.9. Energy level diagrams (top), schematics in the 

frequency domain (middle), wave-vector matching diagrams 

(bottom): for (a) non-degenerate FWM and (b) DFWM. 
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Figure 2.10(a) shows a phase matching diagram for a specific HNLF (Fig. 1 in [34]), 

where FWM is observed in the normal dispersion regime whereas MI (see Subsection 

2.4.5) is observed in the anomalous regime. The representation of a comparison of 

FWM and MI parametric generation is shown in Fig. 2.10(b) (Fig. 2 in [34]). 

 

Fig. 2.10. (a) Example of a nonlinear phase matching diagram 

showing FWM (left) and MI (right) processes; (b) spectral 

gain generated at the indicated parametric wavelengths of (a), 

for FWM and MI. 

2.5 Optical pulses in passively mode locked fiber lasers 

The stationarity of the pulse in a laser cavity is due to a balance between several 

optical effects: saturable absorber, gain, loss, gain bandwidth limit, Kerr effect, and 

chromatic dispersion, among others.  

One of the advantages offered by fiber lasers (FL) and in particular by passively 

mode locked fiber lasers (PML-FL) is the great variety of pulses (long, short and 

ultrashort) that can be produced. Among the pulses generated by this kind of lasers 

(see Section 2.7 for types of PML-FL) are conservative solitons, dispersion-managed 

solitons, similaritons, dissipative solitons, dissipative soliton resonance (DSR) 

solitons, and noise-like pulses (NLPs). 
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2.5.1 Soliton  

The term soliton was coined in 1965 [35], to reflect the particle-like nature of those 

solitary waves that are robust against perturbations and remain intact even after 

mutual collisions, being a static solution of the nonlinear wave equation (in nonlinear 

integrable systems); this solution is remarkable because it retains in shape and 

velocity after colliding with another equal one and remains intact when interacting 

with radiation waves.  

Solitons have been discovered and studied in many branches of physics including 

optics; here, a soliton is a special kind of wave packet which can propagate 

undistorted over long distances, where the GVD parameter    is constant along the 

fiber [23]. This is possible because the dispersive effects are balanced by the 

nonlinear Kerr effect. These solitons are called conservative solitons because their 

existence is not based on the exchange of energy between them and their propagation 

medium (negligible levels), but on the balance between dispersion and the Kerr effect 

(two conservative effects). Such a balance is carried out in anomalous dispersion 

(     or    ), where the equation for the evolution of the envelope admits 

solutions [36].  

 

Fig. 2.11. (a) Temporal profile of the fundamental soliton 

(   ) and (b) a typical spectrum showing the Kelly 

sidebands. 
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The temporal profile of the fundamental soliton (   ) shows an unchirped sech
2
-

shape (assuming that the GDD is constant), whereas its duration is of the order of  

1 ps (Fig. 2.11(a)) and its energy per pulse of the order of 100s of pJ in fibers; 

otherwise (   ), a higher-order soliton (HOS) which carry higher energy, suffer a 

periodic evolution on its temporal profile. In general, as typical signature of these 

USPs, the spectrum presents some lateral peaks known as Kelly sidebands (Fig. 

2.11(b)). Nonetheless, in presence of only anomalous dispersion and SPM the 

spectrum is smooth and these bands do not appear; they appear when solitons are 

disturbed, as it happens in a laser cavity where there are more effects present (filters, 

attenuation, amplification, etc.). This perturbation implies an adjustment of the 

soliton parameters that loses a fraction of its energy in the process, which constitutes 

the dispersive waves: disturbances whose energy is redistributed (dispersed) as they 

propagate, because the different components of the perturbation travel at different 

speeds. At certain particular wavelengths, the dispersive waves resonate with the 

soliton, amplifying them, forming the aforementioned Kelly sidebands.  

2.5.1.1 Dispersion-managed soliton 

This pulse has different properties from those of an ordinary soliton: its amplitude 

and width oscillate in a periodic way but also its instantaneous frequency, by which it 

presents chirp. The “dispersion management” technique consists of using a periodic 

dispersion map by combining fibers (in practice just two kinds of fibers with opposite 

signs of    are needed [37], as shown in Fig. 2.12) with different characteristics, so 

that the average GVD in the cavity is quite low whereas the local GVD at every point 

along the cavity is relatively large [23]. On average, these variations compensate each 

other by alternating dispersion. Hence, this pulse is temporally compressed and 

stretched periodically during its course in the cavity (alternating positive and negative 

chirp values), which gives a “breathing” effect to the pulse, so they are so-called 

breathing solitones. By locating the output port in the right position we can get 

transform-limited pulses directly at the laser output. This type of pulses due to its 

formation process can reach energies of the order of nJ. 
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Fig. 2.12. Evolution of a soliton in a ring cavity using the 

dispersion management technique.  

2.5.2 Similariton 

A similariton (also called self-similar pulse) is an USP that has a temporal intensity 

profile with a parabolic shape, not only near the pulse center, but also well towards 

the wings up to the point where the intensity vanishes [41], as depicted in Fig. 2.13. 

Unlike conservative solitons that are static solutions of the nonlinear wave equation 

and maintain their shape, width and amplitude, similaritons are asymptotic solutions 

of the nonlinear wave equation and maintain their shape but not their width or 

amplitude. 

 

Fig. 2.13. Parabolic temporal profile of a similariton. 
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One of the characteristics that makes similaritons interesting is in fact their parabolic 

shape which makes them resistant to wave breaking inside the cavity (the limited 

energy of USPs is generally due to wave breaking, a consequence of excessive 

nonlinearity) [42]. The presence of normal dispersion tends to linearize the chirp 

accumulated by the pulse, which increases the spectral bandwidth but does not 

destabilize the pulse; and because of this linearity, the pulses allow to be compressed 

at the laser output. In similariton lasers, the growth of the duration can be 

counteracted by compensating the dispersion, by the saturable absorber or by filtering 

effects by the gain bandwidth [43]. This type of pulses reaches peak energies up to 

few 10s of nJ. 

2.5.3 Dissipative soliton 

This type of pulses (Fig. 2.14), unlike conservative solitons, requires a balance 

between parametric gain and fiber losses; this means that there are dispersion, 

nonlinear effects and also energy exchange with the medium [38]. Specifically, the 

energy, profile and chirp of a dissipative soliton are predetermined by the equation 

parameters, rather than by the initial conditions. They can arise not only in anomalous 

dispersion but also in normal dispersion, in combination with a positive nonlinear  

 

 

Fig. 2.14. A few examples of temporal profiles of dissipative 

solitons. 
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index if there is also a spectral band pass filter effect and a strong optical gain (to 

compensate the energy losses through the filter). Dissipative solitons (among which 

are the Brillouin solitons), allow to operate diverse regimes in mode locked cavities 

through tunings in the system, generating stable high repetition pulses typically for 

telecom applications, or high-energy pulses for industry and medicine applications. 

It should be mentioned that high-energy dissipative solitons have been obtained, up to 

10s of nJ [39]. Although the pulses have a significant chirp, they can be compressed 

at the laser output (e.g. using a pair of prisms or grating compressors) because the 

chirp is linear, something that does not occur with the dissipative soliton resonance 

pulses (described below). Once compressed several dozen times outside the laser, 

they produce transform-limited pulses with durations below the ps, and with peak 

powers of the order of 100s of kW and even MW after dechirping [40]. 

2.5.3.1 Dissipative soliton resonance soliton 

Under the dissipative soliton resonance (DSR) generation, this square pulse can exist 

in normal or anomalous dispersion, increasing its nonlinear gain broadening in the 

time domain while its peak power remains constant. In other words, the pulse 

amplitude is held while the energy is accumulated by the expansion of its temporal 

width, so that it has a rectangular profile up to hundreds of ns, increasing greatly its 

energy without breaking, as shown in Fig. 2.15. For example, it has been reported 

DSR pulse energies up to 6.5 µJ with a F8L [44] and energies greater than  

3 µJ with a scheme called figure-9 laser [45] (which is really nothing less than a 

linear scheme Fabry-Perot type, with a NALM used in reflection on one end and a 

simple Sagnac mirror in the other); however, in these specific cases fits the possibility 

that the authors are overestimating the energy per pulse, taking into account some 

“noise” which is not part of the pulse. However, in the frame of the complex cubic-

quantic Ginzburg-Landau equation (which governs this type of pulses), it was 

theoretically shown that with certain laser parameter selections, the energy of this 

kind of pulses could increase indefinitely. Nonetheless, as a great disadvantage, the 
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DSR solitons present a nonlinear chirp, which makes them difficult to compress at the 

laser output. It is worth mentioning that the shape of these pulses can be confused 

with the envelope of noise-like pulses (described below), so the measurement of the 

spectrum and the autocorrelation trace is essential to differentiate them; for DSR 

pulses, the corresponding autocorrelation trace has a triangular profile [46]. 

 

Fig. 2.15. Evolution of a DSR soliton by increasing its 

energy; the temporal width extends to the right, remaining the 

peak power. 

2.5.4 Noise-like pulse 

A noise-like pulse (NLP) is a ~ns-long wave packet containing thousands of pico- or 

femtosecond sub-pulses [1], displaying a very rich and complex internal dynamics at 

short time scales (Fig. 2.16(a)) but exhibiting a fairly stable overall behavior at large 

time scales (Fig. 2.16(b)). 

Because of the complex internal dynamics of NLPs, we can get a precise idea of their 

internal structure only by means of numerical simulations (see Chapter 5), because an 

experimental measurement able to see its internal details is not possible with the 

current optoelectronics; even with ultrafast oscilloscopes we can only measure the 

envelope. With respect to this last point, an appropriate characterization of NLPs is 

essential because in practice, its profile can be confused with that of other pulses.  
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Fig. 2.16. (a) Experimentally measured envelope of a NLP 

and numerically simulated internal sub-pulses; (b) fairly 

stable pulse train. 

Hence, in addition to show a quite stable envelope (Fig. 2.16), NLPs present as 

typical signature [5] a broad and smooth average spectrum of the order of 10 nm of 

extension at 3 dB or much more (Fig. 2.17(a)), and a double-scaled autocorrelation 

trace with an ultrashort coherence spike riding upon a wide pedestal (Fig. 2.17(b)). 

The spike in the autocorrelation trace reflects the averaged internal temporal 

granularity of the main packet, whereas the pedestal extension represents the entire 

temporal extension of the pulse burst. 

 

Fig. 2.17. (a) Typical spectrum of NLPs and (b) its double-

scaled autocorrelation trace. 
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Due to the duration of the NLPs (~ns) and the absence or quasi-absence of temporal 

coherence through the packet, it has not been possible to characterize well its 

instantaneous frequency.  

Since they were first reported in 1997 by Horowitz et al. [1], NLPs started to receive 

significant research attention because of their extraordinary and distinctive features 

contrasted with the ordinarily ML pulses. Besides, these complex pulses permit to 

study fairly stable and also non-stationary pulsed regimes by only modifying the 

polarization on the laser cavities (Cfr. [4,17] and [6,7]). In addition, NLPs allow 

energies per pulse up to 100s of nJ [2–4] which is a thousand times greater than that 

of a soliton, because a NLP is not a simple pulse but a large bunch of radiation  

(Fig. 2.16(a)). 

NLPs are obtained in a wide variety of PML cavities (rings [5,14,16,47–49] and 

figure-eight lasers [4,15,17]) being generated in both normal and anomalous 

dispersion regimes [8,50], and using different kinds of fibers including standard and 

doped fibers, double-clad, and high-nonlinearity fibers (HNLF). In order to obtain 

this type of pulses, the ML cavity must be large enough (10s of m or much more), 

because the creation and interaction of nonlinear optical phenomena (SPM, XPM and 

SRS) becomes dominant as the length of the fiber increases; and although in  

short cavities with low dispersion, NLPs of few ps of duration have been obtained, in 

large cavities the pulses can be very energetic and their temporal duration becomes 

dependent on the power [51]. 

To date, the formation of NLPs is still a broad subject of study, but it is known that 

such formation may be a consequence of the combined effect of the collapse of 

solitons [47], but it may also be due to the use of very high pump powers, which 

could result in the increase of dispersive waves and noise background, thereby 

initiating their formation [52]. Besides, it has also been reported that their rising does 

not always occur smoothly but displaying a nearly step-like evolution, as well as their 

vanishing, having a sudden energy transfer with the background radiation [53]. 
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On the other hand, the complex dynamics of NLPs has also been studied, among 

which is the releasing of sub-packets from the main bunch [6,7] and the pulse 

breaking process [54,55] (in some cases, this process allows obtaining the harmonic 

mode locking (HML) regime; see Section 4.2). Even the coexistence of NLPs with 

solitons in a hybrid regime was reported [56,57]. In addition, NLPs are also 

connected to the generation of the extreme events called optical rogue waves (RW) 

[8,9,58,59], with what it is sought at the same time to understand the oceanographic 

RW from where the concept was derived from before its extension to optics. 

As well as the distinctive features of NLPs presented above, several applications have 

been developed based on the fundamental mode locking operation, such as low-

coherence spectral interferometry [10], micromachining [11], nonlinear frequency 

conversion [60], optical coherence tomography (OCT) [13], and supercontinuum 

generation; the latter will be described in Section 2.8.  

2.6 Mode locking  

Mode locking (ML) is the most important technique for obtaining short and ultrashort 

pulses from lasers. When a laser is mode locked, one pulse (the fundamental ML) is 

circulating in the cavity. In this case, the phases of the axial modes are equalized, or 

locked together, and the superposition of their amplitudes generates a pulse train of 

period T, as depicted in Fig. 2.18(a), determined by the round-trip time. Nonetheless, 

multiple identical pulses with a constant spacing called harmonic mode locking 

(HML) can be circulating in the cavity (see Fig. 3.6 and Section 4.2). If the ML 

regimen is not achieved above the lasing threshold, this means modes having random 

phases, a free-running laser regime can be observed as in Fig. 2.18(b).  

Depending on the mechanism of pulse formation into the laser resonator, the mode 

locking can be classified into two categories: active and passive mode locking.  
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Fig. 2.18. Representation of (a) mode locking regime with a 

period   and (b) free-running regime. 

2.6.1 Active mode locking 

The formation of pulses involves the round-trip periodic modulation of the phase or 

of the resonator losses, when a modulator is introduced into the cavity; it may be an 

acousto-optical, electro-optical or a semiconductor modulator. A representation of 

this category of ML in a linear cavity is presented in Fig. 2.19. 

 

Fig. 2.19. Schematic of an actively mode locked laser. In this 

representation, the modulator is attached to a mirror in order 

to modulate once per cycle. 

Gain medium 

Mirror + modulator Mirror  
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When the modulation frequency is synchronized with the cavity length resonance 

frequency, USPs are obtained. Hence, this technique can be used when the pulse train 

is required to be synchronized with some external signal. 

2.6.2 Passive mode locking and Saturable absorber 

The formation of pulses in this case is due to the introduction of a saturable absorber 

(SA) into the cavity, either physical or artificial. A SA is a nonlinear optical device 

that causes significant losses in the laser cavity, generating narrow and intense pulses: 

at low power, the SA absorbs and generates important losses; for high power, the SA 

is saturated and significant losses are no longer produced. As this operation is 

established without the need for an external signal it receives the passive name.  

In particular, the artificial SA works through the Kerr effect, and since this effect is 

very fast, the SA action is too, allowing passive mode locking to be a very effective 

technique for obtaining (fs–ns) pulses. A SA has the capacity to compress pulses by 

attenuating low intensity signals and allowing the pass of intense signals in each 

round and back in the cavity. This type of mode locking allows the manufacture of 

very robust pulsed lasers as the case of the mode locked figure-eight laser (F8L) 

through a NOLM, where the latter works as an artificial SA that is adjusted for low 

low-power transmission. In this technique, several nonlinear optical phenomena are 

involved, such as SPM, XPM and NPR (for the latter, see Subsection 2.7.1.1).  

A representation of a PML laser in a linear cavity is shown in Fig. 2.20. 

 

Fig. 2.20. Schematic of a passively mode locked laser. 

Gain medium 

Saturable absorber 

 

Mirror  Mirror  
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2.7 Passively mode locked fiber lasers  

In general terms and depending mainly by their active medium and their resonator, 

lasers can be encompassed in five categories: solid-state, gas, dye laser, semi-

conductor and fiber laser. These types can in turn be classified into two modes of 

operation, according to the light produced: continuous wave (CW) and pulsed light. 

To generate pulses in fiber lasers we can use two techniques: Q-switching and Mode 

locking (the latter described in the previous Section). In this thesis one kind of pulsed 

light (NLPs) was generated in two cavities of F8L; this is one of the two passively 

mode locked fiber lasers (PML-FL) architectures. To better understand its setup and 

operation, both architectures are presented below: the ring laser and the F8L. 

2.7.1 Fiber ring laser operation  

Before presenting the ring configuration, the nonlinear phenomenon that allows its 

operation will be explained. 

2.7.1.1 Nonlinear polarization rotation  

When a pulse propagates in an optical fiber that does not maintain polarization (such 

as the SMF), a nonlinear effect through the intensity-dependent polarization variation 

is manifested: the nonlinear polarization rotation (NPR). Because all fibers support 

two orthogonally polarized modes (except for those polarization-maintaining fibers, 

PMFs), they exhibit in practice some modal birefringence. The cause of NPR is 

related not to the birefringence implicit in the fiber, but to the SPM and XPM. If high 

intensity light propagates in the fiber, its nonlinearity will also play a role on the 

evolution of polarization (so the NPR is also called nonlinear polarization evolution, 

NPE). When light passes through a polarizer, a dependence of its transmission on the 

intensity occurs because it selects one of the two modes of polarization traveling 

along the cavity. Then, using a wave plate or a polarization controller (PC), the 

adjustments can be performed to get low transmission through the polarizing element 

at low power, and maximal transmission for some higher value of power. The NPR is 
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then a result of a phase shift between circular components that depends on the power 

and polarization state of the light (ellipticity). When NPR is present in a laser cavity, 

it functions as an artificial SA, with the power transmission through the polarizer 

given by [61] 

|    |                           

 
 

 
   (   )    (   )    (        )  

(2.24) 

where     and      are the linear and nonlinear phase delays between the two 

orthogonal modes induced by the fiber birefringence;    and    are the azimuth 

angles of the polarizer at the beginning of the fiber, and the analyzer, at the end of the 

fiber (Fig. 2.21). 

 

Fig. 2.21. Schematic of NPR based on a birefringent optical 

fiber between a pair of polarization-selective elements. 

2.7.1.2 Fiber ring laser 

A ring laser cavity is a fiber circular resonator operating on the basis of the NPR 

effect, where a power-dependent polarization change becomes a power-dependent 

transmission through an optical element of polarization. Figure 2.22 shows an 

example of a ring laser with a doped fiber (DF) as amplifier. In this figure, a polarizer 

(POL) is placed after the isolator (ISO), and a polarization controller (PC) changes 

the linear polarization state to elliptical; it evolves nonlinearly during propagation  

of the pulse due to the SPM- and XPM-induced phase shifts imposed on the 

orthogonally polarized components. Then, the PC placed before the polarizer forces 
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the polarization to be linear again, with an angle that is close to the polarizer angle for 

high-power components. The polarizer lets the central intense part of the pulse pass 

but filters out the low-intensity pulse wings. Hence, the SMF spool (where NPR takes 

place) and the polarizer make the pulse slightly shortened after each round trip inside 

the ring cavity. Examples of PML ring lasers can be found in [5,14,48,54,57].  

 

Fig. 2.22. Schematic PML ring laser based on NPR. 

2.7.2 Figure-eight laser 

Unlike the ring laser, a figure-eight laser (F8L) consists of two fiber loops where the 

former is a ring cavity indeed and the latter is a nonlinear optical loop mirror 

(NOLM); its 8-shape justifies its name. In this kind of fiber lasers, light is divided  

by a coupler and the counterpropagating beams travel in the NOLM; the interference 

condition for recombining the two beams at the coupler in the middle becomes 

power-dependent. The formation of pulses in F8Ls is generally not based on NPR  

in the ring section but on the action of the artificial SA in the NOLM. Examples of 

F8Ls can be found in [2,4,15,17]; the schemes in the last two references are depicted 

in Fig. 3.1 and Fig. 3.3. 

2.7.2.1 Nonlinear optical loop mirror (NOLM) 

Also known as nonlinear Sagnac interferometer, the NOLM is an ultrafast switch 

that is used as a modulator and optical commutator; in a F8L is used as an artificial 

SA, for pulse compression, pedestal suppression, laser tuning, among other. This 
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device, which operates through the nonlinear Kerr effect, is formed from the junction 

of the output ports of a 2×2 coupler by a piece of fiber to form a loop. Since its 

appearance in 1976 [62], this nonlinear interferometer has been used in many 

applications and it was initially built from bulk elements. Five years later, the first all-

fiber Sagnac interferometer was presented [63] offering high stability and sensitivity. 

However, it was until 1988 when the Sagnac interferometer was treated as an optical 

mirror (NOLM) [64], using a four-port coupler focused on ultrafast switching.  

In 2000 [65], a polarization-independent NOLM was designed using a non-symmetric 

coupling and highly twisted fiber, through a 50/50 coupler, which gave rise to new 

possibilities for the construction of mode locking devices, intensity filters and 

demultiplexers. To date, several NOLM schemes have been reported; the most 

notable being those presented below. 

2.7.2.1.1 Power-asymmetric NOLM 

By using a power-asymmetric coupler   ( –  ), this scheme allows a switching 

through the power imbalance between counterpropagating beams in the fiber loop, as 

can be seen in Fig. 2.23, causing different phases depending on the input power that 

will allow switching, through the SPM effect. By adjusting an inserted polarization 

controller (PC), the transition from the saturable absorber mode (positive slope) to the 

intensity limiter mode can be done. Nonetheless, this scheme has the disadvantage of 

being based on the coupling ratio  , which implies that the coupler must be replaced 

if the user requires different transmission characteristics, limiting the dynamic range. 

Another limitation is that the minimum transmission cannot be zero.  

 

Fig. 2.23. Power-asymmetric NOLM scheme. 
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In fact [64], the output power is given as 

           (   )         (    )   (2.25) 

where     is the input power (green arrow in Fig. 2.23) and          
       

    

is the nonlinear phase shift difference under the influence of SPM;      is described 

in Eq. (2.15). If 

        (2.26) 

for   odd, Eq. (2.25) shows that for any value of       (   ), the whole input 

power emerges from the red arrow port (100%             ); Fig. 2.24 shows the 

power output for three values of  . The minimum transmission occurs for   even and 

Eq. (2.25) is given by 

             (   )   (2.27) 

Note that if         (      coupler), Eq. (2.27) becomes zero; however no switching 

takes place in this case (               for any value of input power). 

 

Fig. 2.24. Transfer function against input power for three 

different coupling ratios. 
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In this NOLM setup, the switching power    (also called the critical power), defined 

as the power at which the nonlinear differential phase shift reaches  , is given by 

   
     

 (    )   
 

 

(    )  
 (2.28) 

where the nonlinear coefficient   (Eq. (2.16)) is written in terms of     , the effective 

modal area (Eq. (2.17)). The output switches from the low-power value to 100% 

when the power increases from zero to the switching power   . 

2.7.2.1.2 NALM: Power-asymmetric NOLM scheme with an amplifier inserted 

asymmetrically inside the loop 

If a power-symmetric coupler (50/50) is used, and an asymmetrically located optical 

device is inserted in the loop (amplifier or attenuator), control over the power 

switching and the transmission will be taken. This is because the power difference 

between the counterpropagating beams can be controlled though the adjustable 

loss/amplification. In particular, if an externally pumped doped fiber (DF) as 

amplifying element is inserted in the NOLM, as depicted in Fig. 2.25, a nonlinear 

amplifier loop mirror (NALM) then will be obtained [66]. Considering the power-

symmetric coupler, the power output [67] is given by  

     
 

 
    [     (

 

 
     (   )    )]  (2.29) 

 

Fig. 2.25. Nonlinear amplifier loop mirror (NALM). 
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where   is the amplifier gain/attenuator loss,   is the nonlinear coefficient,   the 

length of fiber and    is the phase bias. In a NALM [68], the switching power is 

given by  

   
     

   (   )
 

  

  (   )
  (2.30) 

According to the scheme (Fig. 2.25), the input power     splits equally at the coupler 

and experiences a differential phase delay along the two propagation directions  

owing to the asymmetrically located amplifier/attenuator. However, in the case of  

an attenuator, since the loop presents loss, although complete switching is possible 

(                      ), the entire device displays attenuation (        

              ), which represents a great disadvantage; besides, losses due to the 

introduction of optical devices in the loop, although low, must also be considered. In 

the case of an amplifier, the maximal transmission is greater than 1 and switching 

power can be very low; however, the device is no longer passive as it requires 

external pump power to operate.  

2.7.2.1.3 Power-symmetric, polarization-imbalanced NOLM  

During the development of the present thesis, this was the scheme used in the two 

F8Ls studied (see Fig. 3.1 and Fig. 3.3) to achieve NLPs and then to generate SC; 

therefore, this Subsection will be explained in more detail. This symmetrical scheme 

provides a well-defined transmission characteristic through the polarization control at 

the input and within the loop by means a quarter-wave retarder (QWR) and a highly 

twisted standard fiber section [69,70]. 

First of all, to understand how the Kerr effect affects the propagation of light in the 

NOLM, we can consider the coupled nonlinear Schrödinger equations describing the 

evolution of polarization in the CW case. In terms of the circular polarization states 

   and    (right and left), and omitting linear birefringence terms, we have  
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where   is the nonlinear coefficient for linear polarization (Eq. (2.16), with    as the 

second-order nonlinear refractive index (Kerr coefficient)), and   is the propagation 

direction [23]. On the right side of Eq. (2.31), SPM and XPM between orthogonal 

polarization components are being considered. Since the optical power is written  

as   |  |  |  | , and the first Stokes parameter on the Poincaré sphere as 

   (|  |  |  | )  , -Eq. (2.31) becomes  
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(2.32) 

In Eq. (2.32), the Stokes parameter varies during propagation, strictly speaking; 

however, in a first approximation it can be considered constant (weak nonlinearity 

limit [71]). The first terms to the right of Eq. (2.32) correspond to the nonlinear phase 

shift and the last are associated with NPR. 

As the name implies, this NOLM switching requires the introduction of some 

imbalance in the polarization, so that the Kerr nonlinearities are not equal for each 

beam, and their difference does not cancel when recombined at the output of the 

device. Unlike the NOLM presented in Subsection 2.7.2.1.1, where it was based on 

power imbalance (to ensure that the counterpropagating beams acquire different 

nonlinear phase shifts), the switching of this NOLM is obtained through polarization 

imbalance in a power-symmetric scheme. From Eq. (2.32), the second terms on the 

right shows that a NPR difference can occur even if the powers are equal, provided 

that the Stokes parameters of the two beams and hence, their polarization states, are 

different. Details of this architecture can be seen in Fig. 2.26, which includes a 
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symmetrical coupling balanced in power (50/50, ideally), avoiding the limited 

dynamic range as when a power-asymmetric coupler   ( –  ) is employed, making 

the device no longer passive as when an amplifier in the NALM case is inserted, or 

causing losses as when an attenuator in the loop is used. The proposed power-

symmetric, polarization-imbalanced NOLM then bases its switching on NPR.  

A QWR, inserted into the loop near one of the output ports of the coupler, creates the 

polarization asymmetry; the clockwise (  ) beam has the same polarization as the 

input beam just after entering the loop, whereas the counter-clockwise (   ) beam 

polarization is modified by the QWR. A delay of a quarter of the wavelength allows 

to convert the linear polarization (    ) to elliptic or circular polarization  

(     ) and inversely, thus ensuring a large difference in the NPR factor. It is very 

important to clarify that the optical activity introduced by twist induces ellipse 

rotation, but does not modify the ellipticity of the light, so that the Stokes parameters 

remain constant during propagation (Eq. (2.32)). In fact, if a substantial twist is 

applied, the standard fiber behaves as an ideal isotropic fiber [72]. In a twisted 

birefringent fiber, and as far as chromatic dispersion and group velocity mismatch can 

be ignored [23], the evolution of the nonlinear polarization can be described using the 

coupled equations in the case of continuous wave [73].  

 

 

Fig. 2.26. Power-symmetric, polarization-imbalanced NOLM 

scheme. 
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In the circular polarization basis, Eq. (2.32) becomes  
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where       ⁄  is the rotational power with   the refractive index and    0.13–

0.16 in silica fiber [71],   is the fiber twist rate (    ⁄ ), and        is the linear 

birefringence parameter, with    the beat length. The last two terms on the right side 

of Eq. (2.33) correspond to circular and linear birefringence, respectively. In practice, 

a few turns per meter (as much as five) may already be considered as high twist, 

taking into account the relatively large values of    associated with residual 

birefringence in the standard fiber. Next, if terms of linear birefringence are removed 

from Eq. (2.33) and if    is constant (weak nonlinearity approximation), then the two 

expressions in Eq. (2.33) are decoupled and can be integrated over the length of the 

fiber. By performing the correct algebraic procedure [69], the output field      can be 

calculated as the sum of the fields for    and     in the output NOLM: 

          
       

    [
    

 

    
 ] 

 √
   

 
 [

    (  )   (       
  
 

)        (      )  (       
 
 
)

    (     )  
 (       

 
 
)
       (   ) 

 (       
  
 

)
] 

(2.34) 

with 

   
        

 
    

 

  
(  

     
   )    

   
        

 
  

 

  
(  

     
   )    

          (  ⁄ )  
      

 (2.35) 



40 2. Basic concepts and a brief overview on SC generation via NLPs 

 

 

 

where   and   are the real parameters of the Jones vector from the input field 

(verifying        ),     is the power at the NOLM input,   is the loop length for 

the    and     beams (each of which has a power     ⁄  after the 50/50 coupler),  

  is the input polarization angle and   is the QWR angle,         ⁄  is the 

nonlinear phase shift and,     and      are the linear-nonlinear ellipse rotations. 

Again after some algebra [69], the power transfer characteristic      of the NOLM 

writes as  
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(2.36) 

Simplify Eq. (2.36) without loss of generality, it can be finally rewritten as 
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Equation (2.37) shows that the NOLM nonlinear transmission characteristic is the 

product of two sinusoidal functions of power whose periodicities are defined by the 

Stokes parameters of the counterpropagating beams. If we consider that the coupler 

does not affect the polarization,   
     . In contrast, the Stokes parameter of the 

    beam will be modified by the QWR; rewriting it, it becomes 

  
        (   )√  (  )    (2.38) 

which depends on both the input Stokes parameter and the orientation of the input 

ellipse with respect to the QWR angle. 

If now, in particular, the input polarization is considered to be circular, left or right 

(  
              or    

             ), it is no longer necessary to 

take into account the orientation of the input bias  , which simplifies NOLM 

analysis. If the input beam (and hence the    beam) is circularly polarized, the     is 
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linearly polarized through the QWR regardless of its angle  , as shown from  

Eq. (2.38) (  
     ). Then Eq. (2.37) is written as 
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       )  (2.39) 

The switching power (input power difference between minimal and maximal 

transmission) in Eq. (2.39) is given by  

   
  

  
  (2.40) 

The dependence of the NOLM transmission on   and     is illustrated in Fig. 2.27. 

The sinusoidal low-power transmission is shown in Fig. 2.27(a), obtained from Eq. 

(2.39) for      ; it shows in particular that the QWR orientation   allows adjusting 

low-power transmission between 0 and 0.5. Otherwise, Fig. 2.27(b) shows that   also 

allows adjusting the initial slope of      (which can be made positive or negative), as 

well as its dynamic range, between 1 (no power dependence) and infinity (zero 

minimal transmission at low power), with 0 (    ⁄ , black line) and 1 (    ⁄ , 

red curve), minimal and maximal transmission values respectively. 

 

Fig. 2.27. (a) Low-power transmission as function of the 

angle   (with      ); (b)      under circular input polariza-

tion for different values of   (    ⁄    ⁄ ). 
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Now, we consider that the input polarization is linear, this means   
    . Hence, 

using Eqs. (2.37) and (2.38), the power transfer characteristic writes as 
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In practice, linear input polarization (at a specific   angle) is obtained from non-

polarized light by the use of a properly oriented polarizer. That is why in this case 

  
     and     √  ⁄ . Again, the dynamic range and phase of      depend on 

  (the QWR angle); but in this case, the switching power depends on both   and the 

polarization direction  : 

   
  

     (      )
  (2.42) 

So that it can be adjusted by tuning any of these two parameters. Under these 

conditions, it is not convenient to adjust the      through   as in the circular input 

polarization case, since the amplitude, phase and period of the sinusoidal dependence 

are modified simultaneously. In contrast, the input polarization orientation   offers a 

very convenient way to adjust the switching power, without affecting the other 

parameters. So,   can be set at a fixed value ensuring, for example, an infinite 

dynamic range. 

 

Fig. 2.28.      under linear input polarization, for different 

values of the angle   (    ⁄     ⁄ );     in all cases. 
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The parameter   allows adjusting the switching power between a minimal value and 

infinity, as depicted in Fig. 2.28. When          occurs the minimal switching 

power and it is the same as the one obtained in the case of circular input polarization. 

Indeed, when the linear input polarization makes an angle of   ⁄      (45°) with  

the QWR axes, the     beam polarization is made circular through the QWR  

(  
     ), whereas the    beam remains linearly polarized. Counterpropagating 

beams are thus polarized linearly and circularly in both cases, yielding the same 

expression for     . If the input polarization moves away from this orientation, the 

minimal switching power starts to grow, tending to infinity (if the input polarization 

is aligned with one of the QWR axes,     ); in this particular case, both 

counterpropagating beams are linearly polarized, the polarization asymmetry 

disappears and the transmission no longer depends on power.  

2.8 Supercontinuum generation using NLPs: state of the art 

The nonlinear phenomenon known as supercontinuum (SC) generation refers to the 

massive creation of new frequencies beyond the input spectrum via the combination 

and interaction of multiple nonlinear optical effects such as SPM, XPM, SRS, MI, 

FWM and the formation of HOS, as it has been shown in various works published on 

the subject [23,74]. Although it was reported for the first time in 1970 by Alfano and 

Shapiro [18], the interest to continue developing SC light sources relies mainly on 

their potential applications, which include optical pulse compression [75], sensing 

and microscopy [76], telecommunications and optical fiber characterization [77], and 

imaging (OCT) [78]. As is well known, SC generation can be obtained using different 

sources for instance, continuous wave (CW) [79,80], ultrashort pulses [81–83], 

conventional ns-long pulses [20,84–86] and NLPs [4,14–17,87,88]. 

Nonetheless, in recent years the use of NLPs as the seed to generate wider and flatter 

SC spectra has gained a particular strength motivated by the need to improve SC 

sources in terms of efficiency and low cost. Some researchers have reported SC 

generation using NLPs produced in several fiber laser designs, demonstrating the 
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benefits of this type of pump pulses. For example, in [5] the authors present a 

comprehensive review on NLPs, including several SC spectra through these pulses 

from a ring cavity and different types of fibers, including SMF and HNLF. These 

spectra, which extend over a few hundreds of nm mainly towards longer wavelengths, 

contrast in terms of flatness with those generated in the same fibers by ultrashort 

pulses. In [15], for an average pump power as small as 20 mW, a spectrum over 200 

nm at least was obtained in a piece of 750 m of SMF. In [16], by propagating NLPs 

through 100 m of SMF in the normal dispersion regime, the authors achieved a flat, 

broadband spectrum of about 200 nm with an average pump power of 3 W. If high 

laser pump powers are available, flat and broadband spectra covering 200 nm can 

also be obtained directly at the laser output if a long section of SMF is inserted in the 

cavity [4,55]. On the other hand, in order to further improve the SC flatness and 

extension, in particular to the short-wavelength side, some authors proposed using 

HNLF. In [14], the use of a piece 12-m-long HNLF inside a ring laser cavity allowed 

the generation of NLPs with a very flat spectrum over a bandwidth of 135 nm (at 3-

dB points); a similar result was obtained in [89]. In [87], by adding at the laser output 

1-km-long HNLF with near-zero dispersion at the pump wavelength, and for a 

moderate NLP power (~70 mW), a very broad spectrum of about 950 nm was 

achieved, extending in both directions and reaching the 2-µm region on the long-

wavelength side. In [88], again using a HNLF at the laser output, a spectrum 

spanning from 1200 to 2100 nm was produced although with a reduced flatness. And 

in [49], by delivering NLPs into an external piece of 110-m-long HNLF, a flat 

spectral broadening over 500 nm 20-dB bandwidth on the short-wavelength side was 

achieved. 
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Chapter 3. Experimental developments 

to obtain noise-like pulses 

In this Chapter the experimental work directly involved in the obtaining of NLPs 

carried out during the present thesis is presented. It shows the results obtained and 

some discussions about them. Section 3.1 presents a first set of experimental results, 

where fairly stable NLPs of about 350 ps of duration and a moderate output power 

were achieved in a conventional erbium F8L. Section 3.2 presents a setup which 

allowed the generation of high-energy NLPs over 300 nJ, where a wide and flat 

spectrum directly at a double-clad F8L output are also obtained. All these pulses 

presented in this Chapter will be used in Chapter 4 as the seed for SC generation. 

3.1 NLPs through a F8L made up of standard telecom elements 

By means of a conventional erbium F8L, NLPs were obtained to be used later as 

pump in SC generation (at Section 4.1). This F8L of total length of about 218 m (with 

an overall anomalous dispersion) is formed by a unidirectional ring cavity and a 

NOLM, as shown in Fig. 3.1. The ring section includes two pieces of erbium-doped 

fiber (Thorlabs ER30-4/125, EDF1 is 3-m-long and EDF2 is 2-m-long), pumped at 

980 nm through a pair of wavelength-division-multiplexing (WDM) couplers. Also, a 

fiberized optical isolator (ISO1) to ensure unidirectional laser operation, a piece of 

100 m of dispersion compensating fiber (DCF, D = −3 ps/nm/km), a polarizer (POL) 

to ensure linear polarization at the NOLM input, and a polarization controller  

(PC) were inserted. The PC consists of a half-wave retarder (HWR1) and a quarter-

wave retarder (QWR1), used to maximize the power transmission through the 

polarizer. To control the angle of linear polarization at the NOLM input, a second 

half-wave retarder (HWR2) is implemented. The NOLM is a power-symmetric,  
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Fig. 3.1. F8L setup for the obtaining of NLPs. 

polarization-imbalanced scheme, whose switching relies on NPR in the twisted loop 

(see Subsection 2.7.2.1.3) [71]; it is made of a 50/50 coupler, 100 m of low-birefrin-

gence SMF (D = 17 ps/nm/km) twisted at a rate of 5 turns per meter, and a quarter-

wave retarder (QWR2) to break the polarization symmetry [69]. Finally, the output 

ports are provided by two 90/10 couplers, being the output 2 to monitor the pulses.  

At proper configuration of the wave retarders, self-starting fundamental ML operation 

was obtained, and a nearly stationary NLP regime was achieved with some 

adjustments. Figure 3.2(a) presents the NLP envelope measured at output 2 with a  

25-GHz photodetector and a 16-GHz real-time oscilloscope, which allows estimating 

a mean full-width at half-maximum (FWHM) pulse duration of 350 ps (average of 

1000 traces). The pulse train was fairly stable (inset) with a period of T = 1.106 µs 

(which corresponds to a repetition rate of 904 kHz) and with an estimated pulse 

power of 100 W.  

To verify that the obtained pulses were NLPs, besides their temporal profile, the 

optical spectrum and the autocorrelation trace were measured. For the former, we use 

an optical spectrum analyzer (OSA, Anritsu MS9740A) at output 2, measuring an 

average smooth and wide spectrum with a maximum at 1567 nm (Fig. 3.2(b), solid 

red line), with 13.4 nm 3-dB bandwidth and 53.4 nm 20-dB bandwidth (values at  

3 dB do not show enough extension to correctly describe the actual extent  
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Fig. 3.2. NLPs fundamental mode locking: (a) time-domain 

envelope measured using a scope in average mode (inset: 

pulse train); (b) optical spectrum in mode locking regime and 

ASE emission below lasing threshold; (c) intensity auto-

correlation trace of pulses (inset: close-up on central spur). 

of the SC spectra, as we shall see below, we also present the bandwidth values 

measured at 20 dB of the maximum). A small shoulder attributed to amplified 

spontaneous emission (ASE) appeared at 1531 nm; this attribution was confirmed by 

the presence of a peak at the same wavelength in the spectrum measured below  

the lasing threshold (Fig. 3.2(b), marked black line). Besides, a small peak 

corresponding to the maximum of the Raman gain appeared at 1661 nm. Intrapulse 

Raman scattering (self-frequency shift) is may be present evidenced by the slight 

asymmetry of the main spectrum at 1567 nm and its red shift with respect to the gain 

maximum at 1557 nm. Finally, Fig. 3.2(c) shows the autocorrelation trace exhibiting 

a typical double-scaled structure with an ultrashort coherence spur of 391 fs (inset) 
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riding upon a broad pedestal of 189.5 ps (corresponding to the measurement window 

of the autocorrelator, narrower than the duration of the whole packet); the level of the 

pedestal is related to the density of the sub-pulses in the bunch and the statistical 

distribution of their intensities. Due to probably imperfect alignment of the 

autocorrelator (FR-103XL), the trace shows a slight left-right asymmetry. 

3.2 High energy noise-like pulsing in a F8L without a polarizer 

A different experimental configuration, shown in Fig. 3.3, is a F8L of about 215 m  

of length (at anomalous cavity dispersion), formed also by a ring cavity and a NOLM. 

In the ring section, a 980/1550 nm beam combiner was used to launch the pump 

power (6.5 W) from a 980 nm laser diode into the cavity. The active fiber is a piece 

of 1.6-m-long Nufern erbium/ytterbium double-clad fiber (EYDCF) with a core 

diameter of 12 µm (NA = 0.20) and an inner cladding diameter of 130 µm (70-dB/m 

core absorption at 1530 nm). A fiberized polarization-independent optical isolator 

(PI-ISO) is inserted to ensure unidirectional laser operation. It also includes a piece of 

standard fiber (SMF1, D = 18 ps/nm/km) of about 200 m of length and a polarization 

controller (PC) composed by QWR-HWR-QWR plates. The output port is provided 

by a 90/10 coupler, with the 90% output port connected to the combiner, closing the 

cavity. A power-symmetric, polarization-imbalanced NOLM scheme is used as the 

SA, consisting of a 50/50 coupler, a 10-m-long SMF2 twisted at a rate of 5 turns per 

 

 

Fig. 3.3. F8L setup for the generation of high-energy NLPs. 
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meter, and a QWR inserted asymmetrically in the loop in order to break the 

polarization symmetry. It is very important to remark that in the present setup (Fig. 

3.3) the state of polarization in the cavity is not fixed because of the absence of a 

polarizer, contrary to the previous scheme (Section 3.1) and other similar schemes 

reported formerly [6,90–92].  

For appropriate settings of the PC and QWR we obtain a nearly stationary self-

starting fundamental mode locking operation, as can be seen in Fig. 3.4(a), after 10 W 

of pump power. In single-shot acquisition mode, we observe a NLP envelope with 

FWHM pulse duration of ~13 ns and an estimated power of 6 W. For the maximal 

input power (25 W), the power reached by the envelope was about 23.3 W. The pulse 

was measured in the time-domain using a 2-GHz photodetector and a 2-GHz 

oscilloscope, with a period of T = 1.1 µs (inset of Fig. 3.4(a)), which corresponds to a 

fundamental repetition rate of 909 kHz. This result confirms that a polarizer at the 

input of the polarization-imbalanced NOLM is not necessary to obtain the mode 

locking regime in this scheme, although NPR may present and affect the operation 

even without polarizer because NOLM transmission depends on polarization. 

Nonetheless, the absence of a SA effect in the ring section was further confirmed by 

observing that, when we tested the setup (Fig. 3.3) prior to the NOLM insertion, no 

ML operation could be obtained from this ring laser configuration.  

Likewise, in order to further confirm the NLP regime, the optical spectrum and the 

autocorrelation trace were obtained. A broad and flat SC spectrum extending over 200 

nm (Fig. 3.4(b), solid red line) directly at laser output, whose measurement 

unfortunately limited on the right side by the range of the available OSA (Anritsu 

MS9740A) was achieved. The spectral maximum appears at 1566.5 nm in the region 

of erbium emission, with a pair of peaks close to 1536 nm and 1543 nm, which are 

attributed to residual CW emission. This spectrum also presents a significant red-

shifted component that decays smoothly by 15 dB over 150 nm, from 1600 nm to the 

upper limit of the OSA (1750 nm). The 3-dB bandwidth of this spectrum is 18 nm, 

corresponding to the peak of erbium emission; however, it reaches 75 nm at 10 dB 
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Fig. 3.4. Noise-like pulses fundamental mode locking: (a) 

time-domain envelope in single-shot mode (inset: pulse train); 

(b) optical spectra in mode locking and CW regimes; (c) 

intensity autocorrelation trace of pulse (inset: close-up on 

central spur). 

and 145 nm at 15 dB from the peak. It is evident that when there is no ML operation, 

the spectrum (Fig. 3.4(b), dotted black line) is much narrower and only presents a few 

peaks in the erbium emission band at the mentioned wavelengths. Finally, the 

autocorrelation trace was obtained using an autocorrelator (FR-103XL) and a scope. 

A typical NLP double-scaled autocorrelation trace was obtained, with a narrow 

coherence peak riding a wide and smooth pedestal that extends beyond 200 ps, 

limited by the range of the autocorrelator as can be observed in Fig. 3.4(c). In spite of 

this, the pedestal presents a marked slope that allows estimating its extension to a few 

hundreds of ps (much narrower than the duration of the whole bunch), which is 
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consistent with the existence of sub-ns substructures within the NLPs. The peak-to-

pedestal ratio is ~5:1, and the inset of Fig. 3.4(c) shows a close-up on the central spur 

with a FWHM time duration of about 1 ps.  

It is noteworthy that a maximal average output power of 275.25 mW was measured 

with a maximal pump power of 25 W, in the fundamental ML regime. And although 

it corresponds to a laser efficiency slightly lower than 1%, the single pulse energy in 

this nearly stationary NLP regime is estimated to be 302.8 nJ, which was to the best 

of our knowledge the highest single NLP energy directly at the laser output reported 

at the time this result was published [4]. Recently a paper was published where 

authors presented NLPs with energy of 560 nJ without pulse splitting in a ring laser 

cavity [93]; these pulses that the authors call “self-mode-locked NLPs” have a 

temporal duration of hundreds of ns, so is not surprising that they reach such energy 

in this case. Nonetheless, authors did not present the autocorrelation trace, which is 

essential to know if the pulses are actually NLPs (Cfr. Subsections 2.5.3.1 and 2.5.4). 

One of the factors that generally limit the maximum pumping energy in ML pulses, 

including NLPs, is the splitting that they suffer. The absence of a polarizer in the 

present scheme may be connected with the enhanced NLP properties, because the 

state of polarization along the cavity is no longer restricted; this means that the laser 

radiation has greater freedom to self-adjust, adapting its polarization and thereby 

selecting the NOLM switching power, in order to optimize the mode locking 

operation.  

The low value of laser efficiency can be attributed mainly to the location of the output 

coupler in the scheme in Fig. 3.3, and to its coupling ratio. Inserting this coupler after 

the EYDCF, at the point where intracavity power is the highest, would improve the 

output power and the efficiency, which is currently affected by the PI-ISO insertion 

loss (~2 dB) and the nonlinear loss introduced by the NOLM. Besides, the output 

power and the efficiency of the laser could be maximized by optimizing the coupling 

ratio of the output coupler, by reducing splice losses between SMF and EYDCF 
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(caused by mode field diameter mismatch), and choosing a better length in the  

latter fiber.  

Otherwise, a less stationary NLP regime was observed by varying the PC 

configuration, as can be seen in Fig. 3.5. In the first five planes of this figure we can 

see different samples of the waveform (in single-shot acquisition mode), where the 

presence of sub-pulses with an average duration on the order of ~1 ns is clearly 

visible. On the left side of the NLPs, towards shorter times, the waveform is compact 

and displays a steep slope, whereas on the right, the waveform tends to split into 

multiple sub-pulses with random temporal distribution; here we can see that their 

amplitudes decline smoothly from left to right, until they disappear completely on the 

scope. This smooth decay at the right side of the waveform is also visible in the last 

plane of this figure, where 10000 traces are averaged (labeled “Av”). This regime is 

similar to the dynamics reported in [6,7], where sub-structures at sub-ns scale were 

found to be released from the NLP, drifting away from the main packet on the right 

side and decaying progressively with increasing distance. It should be mentioned that 

in this part of the experiment, the optical spectrum and the autocorrelation trace are 

practically the same as those of Fig. 3.4.  

It is noteworthy that mode locking is self-starting in all cases if the pump power is 

higher than 7 W, remaining stable for hours. Nonetheless, with some mechanical 

 

 

Fig. 3.5. Temporal profiles showing a less stationary NLP 

regime than in Fig. 3.4(a). 
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stimulation, it was possible to obtain mode locking at lower pump power. Once this 

regime is achieved, stable single-pulse operation is maintained although pump power 

is increased, even if it is tuned to the highest level (25 W), unlike results reported in 

other references where the main packet splits into several pulses if pump power is 

increased beyond some point [5,54].  

On the other hand, from stable fundamental mode locking operation, slight QWR 

adjustments at high pump power allow observing a transition to multiple pulsing 

operation in the form of stable harmonic mode locking (HML) up to the 6th order, as 

shown in Fig. 3.6.  

However, it can be seen how the pulse train is affected by amplitude fluctuations 

when the harmonic order increases. This regime allows the spectrum to be 

considerably flattened, especially when the order is large, as will be seen in  

Section 4.2. Although HML was evidenced, the low order values achieved in this 

development (only up to 6, which contrasts with more than 1000 in [54,94]) are 

consistent with the reduced tendency of the NLP to split into multiple pulses in the 

present scheme. 

 

 

Fig. 3.6. Scope traces of harmonic mode locking up to the  

6th order. 
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Chapter 4. Experimental SC generation 

using NLPs as pump  

This Chapter is focused on the SC generation using the NLPs obtained by the two 

previous different F8Ls presented in Chapter 3. Section 4.1 shows the generation of 

very broad (almost 1000 nm) and flattened spectra by varying the length of a 

nonlinear medium outside the conventional F8L. In Section 4.2, the flattening of the 

SC spectrum directly achieved at the erbium/ytterbium double-clad F8L output is 

discussed in the harmonic mode locking regime. Finally, Section 4.3 presents the 

broadening of this SC spectrum with high-energy NLPs by adding a piece of HNLF. 

4.1 SC spectra amplifying an external nonlinear medium 

To generate SC with those NLPs produced with the conventional F8L presented in 

Section 3.1, an external stage consisted of an EDF amplifier and a nonlinear element 

was implemented. At the output 1 of the F8L at Fig. 3.1, an isolator (ISO2) was 

placed to protect the laser cavity from the ASE and avoid destabilizing the NLP 

operation. As shown in Fig. 4.1, the amplifier includes a piece of 4-m-long EDF3 

(same kind as in the F8L (Fig. 3.1)) pumped at 980 nm through a WDM coupler, with 

the optimal length to achieve better results (amplified average powers of 25 mW and 

35 mW were used, the latter resulting in slightly broader SC spectra, as presented 

below). To monitor the pulses at the EDF3 input and output, two ports are provided 

by 99/1 couplers. Finally, as the nonlinear media to generate SC, we use several  

2-by-2 combinations of spools of various lengths of SMF and/or high-nonlinearity 

fiber (HNLF, with high-index core surrounded by a deeply depressed ring yielding a 

mode field diameter of 3.9 µm, nonlinear coefficient of γ = 10.8/W/km, 1550-nm 

zero-dispersion wavelength, dispersion slope of 0.006 ps/nm
2
/km). 

4.1 Very wide and flattened SC spectra amplifying an external 

nonlinear medium composed by SMF and/or HNLF 
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Fig. 4.1. External amplifier and nonlinear element for SC 

generation. 

Once the stationary NLP operation was confirmed (Section 3.1), the pulses at output 

1 in Fig. 3.1 were amplified using the scheme depicted in Fig. 4.1, and the resulting 

pulses were launched into the nonlinear element. As reference, the spectrum was 

measured directly at the output of the amplifier (Fig. 4.1, output 4). With 25 mW of 

average power at the EDF3 output, the spectrum (Fig. 4.2(a) and Fig. 4.3(a), cyan 

crosses line) presented a maximum at ~1563 nm and 21 nm 3-dB bandwidth (64 nm 

at 20 dB). The presence of residual pump at the amplifier output was attested by a 

narrow peak at 976 nm flanked by a pair of lobes (~900–1040 nm), as can be seen in 

the inset of Fig. 4.2(a). This structure presented its second-order diffraction at 1952 

nm, with a similar pair of lobes (~1830–2130 nm). Due to the extension of the SC 

spectra discussed below, measurements required the simultaneous use of two 

Yokogawa optical spectrum analyzers (OSA AQ6370B and AQ6375), whose data 

were merged. 

In a first set of experiments, the performances of SC generation through different 

lengths of SMF only were analyzed. During measurements, the average power of the 

injected NLPs was maintained constant at 25 mW. Figure 4.2 presents the results 

obtained with spools of 50 m, 100 m, 315 m, 600 m and 1000 m; for comparison, 

OSAs noise is also shown. For a fiber of 50 m, no spectral broadening is observed at 

the fiber output, and the resulting curve is indistinguishable from the input spectrum 

(labeled “0 m” in Fig. 4.2(a)). Then, with a length of 100 m, spectral broadening 

becomes noticeable, taking place exclusively towards longer wavelengths. As fiber 

length is increased, the spectral maximum in the 1560-nm region slightly shifts to the 
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right. The maximal spectral extension was reached with 315 m of SMF; in such a 

case, the spectrum covers more than 300 nm, from the 1560-nm region to ~1850 nm, 

where a secondary maximum (a hump) is observed. Here, the 20-dB bandwidth 

reaches a maximum of 323 nm, as depicted in Fig. 4.2(b). In spite of this, a relatively 

poor flatness is observed at this stage, as attested by the moderate value of the 3-dB 

bandwidth (~25 nm). If next the fiber length is further increased, spectral components 

grow in the 1700-nm region, filling the gap between the two maxima, which results in 

an improved spectral flatness. Therefore, the 3-dB bandwidth increases to ~40 nm 

with 600 m and 1000 m of SMF. In addition to an improved flatness, extending the 

fiber length beyond 315 m also has the consequence of reducing the long-wavelength 

limit of the spectrum. This effect is attributed to higher fiber losses when the 2-µm 

region is approached. As a result, the 20-dB bandwidth decreases to 247 nm for the 

1000-m piece of fiber. Hence, although nonlinear effects are still operating after 500 

m of SMF, fiber losses ultimately limit the maximal fiber length and the maximal 

spectral extension of the SC, as can be seen in Fig. 4.2(b); this figure is a nice 

illustration of the limits of using the 3-dB bandwidth alone for assessing the spectral 

extension of the SC. In particular, when the SMF length is extended beyond 315 m, 

the 3-dB bandwidth increases, although the 20-dB bandwidth actually decreases. 

 

Fig. 4.2. (a) SC spectra at the output of the nonlinear element 

formed with SMF (inset: spectra with extended span including 

the residual pump); (b) evolution of bandwidths at 3 and 20 

dB from the maximum, for the different lengths of SMF. 
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After this past is finished, a piece of HNLF of 50 m of length was added to each of 

the previous SMF spools, with the intention to further extend the spectrum, mainly 

towards shorter wavelengths. During measurements, the average power of the 

injected NLPs was again maintained constant at 25 mW. The results are presented in 

Fig. 4.3. Because the 50-m-long piece of SMF did not show measurable effects, it 

was omitted in this section.  

At the beginning of this second set of experiments, the spectrum produced by the  

50-m-long HNLF without SMF was studied (Fig. 4.3(a), orange triangles line); at 976 

nm, spectra show the residual pump with a replica at double wavelength. In this case, 

the spectrum extended not only to the right but also to the left, reaching a bandwidth 

of 224 nm at 3 dB from the maximum and 542 nm at 20 dB, with the spectral 

maximum centered at ~1561 nm. This and the subsequent spectra overall were very 

smooth, although they presented two regions of water absorption bands: at 1350–

1410 nm and 1800–1950 nm; these features were caused by the 30% humidity 

prevailing in the laboratory during the measurements. From ~1520 to 1550 nm, a 

small shoulder appeared with two humps, which can be attributed to ASE (see Fig. 

3.2(b), marked black line). 

If now the HNLF is preceded by a 100-m piece of SMF, the spectrum is further 

extended in both directions, covering 647 nm at 20 dB from the maximum. However 

this spectrum also presents a higher concentration of energy in the 1800-nm region, 

reducing the flatness. For the combination of 315 m of SMF plus the HNLF, the 

flattest and most extended spectrum is obtained (at 25-mW average power), with 234 

nm 3-dB bandwidth and up to 772 nm at 20 dB, spanning from the 1260-nm region to 

2040 nm (red squares line in Fig. 4.3(a), as well as in Fig. 4.4 and 4.5(a)). Finally, if 

the SMF piece is further extended to 600 m or 1000 m, the SC extension reduces 

significantly and it becomes comparable to the case of HNLF only; the benefits of 

using SMF in combination with the HNLF section to enhance spectral broadening 

thus vanish in these cases. This is probably due to the larger attenuation in long 

sections of SMF, in particular towards 2 microns. Hence, similarly to the first set of 

experiments, it turns out that attenuation sets an upper limit to the fiber length and  
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to the SC extension. Again, the evolution of bandwidths at 3 dB and 20 dB as SMF 

length is increased is presented (Fig. 4.3(b)).  

 

Fig. 4.3. (a) Extended SC spectra at the output of the 

nonlinear element formed with SMF plus HNLF (the 976-nm 

region of the spectra show the residual pump with a replica in 

the 1952-nm region), OSA noise is shown for comparison;  

(b) evolution of bandwidths at 3 and 20 dB for the different 

lengths of SMF plus 50 m of HNLF.  

Finally, measurements were repeated with the SMF and HNLF fibers combined in the 

inverse order. For all lengths of SMF, the obtained spectra were similar to the case of 

the HNLF only, so that no benefit was obtained by using the SMF together with the 

HNLF in that configuration. This result could be related to losses of the taper at the 

HNLF output.  

The most extended spectrum, towards both longer and shorter wavelengths obtained 

with the 315-m-long SMF plus 50-m-long HNLF, was presented in Fig. 4.3. The 

effect of replacing this piece of 50-m HNLF with a 100-m piece of the same fiber is 

depicted in Fig. 4.4. The differences between the two spectra demonstrate that the 

nonlinear effects continue to take place beyond 50 m of propagation in the HNLF; 

however, the main effect of lengthening the HNLF is a higher concentration of 

energy in the 1800–2000-nm region, which rises above the pump peak in the  
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Fig. 4.4. Comparison of SC spectra by combining 315 m of 

SMF with 50 and 100 m of HNLF (in the 100-m-HNLF case 

the SC intensity in the 1900-nm region does not allow to see 

the replica of the residual pump). For the sake of comparison, 

both curves are normalized with respect to the residual peak 

in the 1560-nm region. 

1560-nm region and reduces the SC flatness. Besides, the overall extension of the 

spectrum is slightly reduced on both sides (from 772 nm to 726 nm at 20-dB 

bandwidth), again presumably due to higher losses when fiber length is increased. 

As a final point, Fig. 4.5(a) presents the evolution of the SC spectrum when the input 

power is varied by adjusting the pump power of the EDF3 amplifier. Again, choosing 

the combination of 315 m of SMF and 50 m of HNLF, this figure shows how the 

spectrum widens roughly symmetrically on both sides of the spectral maximum and 

how it becomes progressively flattened as the power level increases. The maximal 

spectral extension is reached (grey down triangles line; reproduced in Fig. 4.5(b)) by 

setting the maximum pumping level of the amplifier (408 mW, which corresponds to 

35 mW average power of the injected NLPs). Although the spectrum presents a 

substantial reduction of its 3-dB bandwidth (167 nm) compared with the 25-mW 

case, its 20-dB bandwidth is as broad as 808 nm, extending from 1263 to 2071 nm. 

Its flatness is best characterized by considering that its bandwidth extends over  

431 nm at 5.7 dB from the peak (1504–1935 nm), over 595 nm at 10 dB, and over 
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1000 nm at 50 dB, as can be seen in Fig. 4.5(b); also this spectrum presents an 

excellent dynamic range over 60 dB. It should be noted that we are not considering 

the water absorption bands in these measurements since they can be eliminated by 

controlling the humidity of the laboratory. 

It can be seen that in this systematic and comparative study of SC generation, we 

obtained very wide and flattened spectra using NLPs with very low average power as 

the seed, through different pieces of various lengths of standard and HNLF and their 

combinations. Here we want to stress that the power reached by the envelope of the 

NLPs was about 100 W.  

 

Fig. 4.5. (a) Evolution of SC spectrum by varying the ampli-

fier pump power in the combination 315 m of SMF plus 50 m 

of HNLF (inset: spectra with extended span including the 

residual pump); (b) Maximal spectral extension with 315 m of 

SMF plus 50 m of HNLF (35 mW average input power). 
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In summary, when pieces of SMF of several hundreds of meters are pumped by 

NLPs, the spectrum extends to longer wavelengths (covering more than 300 nm for a 

SMF length of 315 m). As the fiber length is further extended, the spectral flatness 

improves whereas the long-wavelength edge of the spectrum erodes as a consequence 

of high fiber losses near 2 µm. Next, using a HNLF with zero dispersion at 1550 nm, 

bilateral spectral broadening is achieved; the nearly symmetrical broadening in  

Figs. 4.3–4.5 suggests that, besides the Raman and Kerr effects, parametric nonlinear 

phenomena such as DFWM are involved and play a major role. Here, the broadest 

and flattest spectrum is obtained with a piece of 315 m of SMF followed by 50 m of 

HNLF, reaching about 1000 nm of extension, with an excellent flatness over a region 

of 430 nm at 5.7 dB. Besides it has an outstanding dynamic range as high as 60 dB, 

which makes it an excellent source for some applications such as OCT or spectral 

device testing. It should be noted that the analysis carried out here indicates that 

nonlinear processes are still operating due to the NLPs characteristics after 

propagating into fibers of hundreds of meters in length, eventually limited to longer 

wavelengths by the strong fiber attenuation in the 2-µm region.  

4.2 Flattening of SC spectra through high-energy harmonic 

NLPs  

Through the high energy noise-like pulsing from the Er/Yb double-clad F8L 

presented in Section 3.2, flattened spectra were obtained by increasing the harmonic 

mode locking (HML) order and varying the length of the standard fiber (SMF1 in 

Fig. 3.3) in the ring section (from about 200 m to almost 1 km) [55].  

A first important result obtained with this setup is the broad and smooth optical 

spectrum directly at the F8L output, presented previously (Section 3.2), obtained in 

the fundamental mode locking regime (T = 1.1 µs) which extends over more than  

200 nm (Fig. 3.4(b)). And although these measurements are limited on the right side 

by the range of the available OSA (Anritsu MS9740A), they are at least comparable 

with those obtained in previous studies [14,89].  
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We observe that incrementing the HML order (number of equidistant identical pulses 

coexisting in the cavity) of the high-energy NLPs through some PC adjustments, the 

SC spectrum can be improved in flatness as shown in Fig. 4.6, from more than  

20 dB with the fundamental ML up to ~15 dB with the third harmonic, in the 1580-

nm region to 1750 nm (up to ~10 dB between 1580 and 1700 nm). This may be due 

to the fact that the spectra are generated by different pulses in the cavity, making it 

flatter because of the averaging, as the order of harmonics increases.  

 

Fig. 4.6. Improved SC spectra obtained in second and third 

HML (~200 m of SMF1 in the cavity); inset: output pulse 

trains for second and third HML. 

 

Fig. 4.7. SC spectrum obtained with the fundamental mode 

locking of the F8L using ~980 m as SMF1 in the cavity;  

inset: output pulse train. 
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On the other hand, by increasing the length of the SMF1 in the ring section of the 

F8L, a further flattening is obtained with regard to the original spectrum (Fig. 3.4(b), 

as depicted in Fig. 4.7. Using about 980 m as SMF1, a spectrum with a flatness of 

about 15 dB in the 1580-nm region to 1750 nm was achieved, with a pulse train 

period of T = 5 µs (inset), which corresponds to a repetition rate of 0.2 MHz in the 

fundamental mode locking.  

Next, with the appropriate configurations of the PC, second and third harmonics were 

also obtained using the 980 m as SMF1, as depicted in Fig. 4.8, where a better 

flatness of less than 10 dB was achieved in the same region. Finally, Fig. 4.9 shows 

the improved SC spectrum obtained when a HML order as high as 100 is reached. 

The flatness increased significantly with greater length of the cavity (SMF1) and 

HML order, obtaining an excellent flatness less than about 3 dB, over at least 160 nm 

(1580–1750 nm) and possibly beyond (measurement limited by the range of the 

available OSA).  

High HML allows the use of the source of NLPs as a SC source with potential 

applications. The advantages of the use of NLPs for SC generation are related to 

characteristics of these pulses formed in passively mode locked (PML) laser systems. 

We can see that the spectral flatness and smoothness exhibited by the present SC 

source based on NLPs suggests a mechanism similar to SC generation pumped with 

conventional ns-long pulses in the anomalous dispersion regime, where modulation 

instability (MI) causes the temporal breakup of the long input pulses and transforms 

them into a bunch of numerous stochastic fs-scale pulses in the initial phase before a 

dramatic spectral expansion takes place [95]. However, the use of NLPs as seed for 

the SC generation allows skipping the step of fragmentation of the conventional ns-

pulses. Then, the spectra are dramatically extended driven by the fs-pulses dynamics, 

where the Raman-induced soliton self-frequency shift (SSFS) is mainly responsible 

for the generation of long-wavelength spectral components. 
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Fig. 4.8. Improved SC spectra obtained through second and 

third HML pulse regime (~980 m of SMF1 in the cavity); 

inset: output pulse trains for second and third HML. 

 

Fig. 4.9. High flattened SC spectrum obtained through the 

100th HML order (~980 m of SMF1 in the cavity); inset: 

output pulse train. 

4.3 Enhancement of SC in an external HNLF without 

amplification  

Finally, in order to enhance the spectral broadening of the high-energy NLPs  

(setting again the laser in a stable fundamental regime, such as the one depicted  

in Fig. 3.4(a)), we spliced at the F8L output a piece of 100-m-long HNLF (the 

4.3  Enhancement of SC launching the high-energy NLPs into a 

HNLF at the laser output without external amplification 
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available same kind of HNLF as in the previous scheme). An extended SC spectrum 

to both sides covering 450 nm, from below 1300 nm to 1750 nm (limited again by the 

OSA, Anritsu MS9740A) was observed, depicted in Fig. 4.10. Because of the 

prominence of the peak of erbium emission in the 1550-nm region, the 3-dB 

bandwidth is only of 30 nm; however, the bandwidth is as large as 375 nm at 15 dB 

and 400 nm at 20 dB from the peak. It has to be stressed that the use of an unpumped 

spool of HNLF at the Er/Yb F8L output results in a widening of the spectrum on the 

order of hundreds of nm not only towards longer wavelengths but also toward shorter 

wavelengths (down to 1300–1400 nm) with respect to the spectrum measured directly 

at the laser output (Fig. 3.4(b)). This result is quite similar to the case of the 

externally amplified HNLF in Section 4.1. 

 

Fig. 4.10. Extended SC spectrum of fundamental mode 

locking with a 100-m-long HNLF at the laser output without 

an external amplifier. 

It can be seen that there are a couple of very marked shoulders on either sides of the 

spectral maximum at 1536 nm: around 1400 nm and 1700 nm. To locate those peaks 

in terms of frequencies in relation to the central peak, we use the expression  

   |
 

  
 

 

  

|  (4.1) 
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where     = 1400 nm and     = 1700 nm, and    = 1536 nm. Therefore, we have that 

     18.96 THz and      18.83 THz, as depicted in Fig. 4.10; this means that  

these lateral shoulders are equidistant from the central peak in terms of frequency. 

Hence, we show that they are due to DFWM because the HNLF has zero second-

order dispersion at 1550 nm, which favors phase-matching (see Subsection 2.4.6). 

Besides, according to the asymmetric shape of the spectrum, we conclude that 

intrapulse Raman scattering (self-frequency shift) also plays a part. In contrast, no 

SRS peak is observed at ~1660 nm, which is consistent with the fact that the SRS 

threshold is higher than the FWM threshold under phase matching conditions [23].  

The results obtained in this experimental development were mainly due to the NLPs 

characteristics. In the scheme depicted in Fig. 3.3, NLPs could adopt different 

polarization states, corresponding to different switching powers (see Subsection 

2.7.2.1.3). More generally stated, by allowing polarization to adjust freely, the 

absence of a polarizer in the present scheme adds an additional degree of freedom to 

the already complex nature of NLPs, and this may constitute a key ingredient to 

overcome the limitations imposed by the laser cavity on the pulse energy and 

bandwidth. The idea of the absence of a polarizing element may improve the NLP 

characteristics, in particular their spectral bandwidth and energy. Increasing the 

cavity length is a well-known strategy to increase the pulse energy; however, pulse 

splitting may set an upper limit to this energy, something we controlled at will in the 

present study because of the characteristics of our F8L cavity. 
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Chapter 5. Numerical study on NLPs 

and SC generation  

In this Chapter some numerical results achieved in the frame of this thesis are 

presented. In a numerically modeled F8L, more than a thousand of NLPs were 

obtained; through a few hundreds of these pulses, a complex and very rich dynamics 

as those reported experimentally was observed, where it was possible to see how sub-

packets are expelled from the main bunch, while others interact with sub-pulses rising 

by the appearance of optical extreme events. Besides, some hundreds of NLPs were 

propagated in different lengths of SMF via simulations with the intention to generate 

SC. In Section 5.1, the F8L model is presented whereas in Section 5.2 the two 

numerical methods used are exposed. Finally, both the NLPs and the SC spectra 

achieved are presented in Sections 5.3 and 5.4. 

5.1 Numerical F8L model  

To obtain numerically NLPs, a F8L model with field components in circular base, 

    (  )     (  )     (  )           (  ), was used. The scheme of the F8L 

model is depicted in Fig. 5.1, and is total length is only about 30 m due to 

computational time. 

 

Fig. 5.1. Schematic of the F8L model. 
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The F8L consists of a ring cavity and a polarization-imbalanced NOLM. In the ring 

section, a doped fiber (EDF) of 4 m of length (D = –17 ps/nm/km) was defined; this 

active fiber has gain, considering a uniform small-signal gain    over its entire 

length, and the gain saturates on pulse energy   : 

 (  )  
  

        ⁄
  (5.1) 

At the NOLM input, a dispersive fiber (SMF1, D = 17 ps/nm/km) of 15 m of length 

was defined, and the polarization was assumed linear (a HWR was used to adjust the 

polarization angle). For simplicity, the gain dispersion (bounded bandwidth) 

distributed along the fiber is not considered; instead a lumped filter is assumed at the 

input of the doped fiber: 

 ( )     * (
    

           
)

 

+  (5.2) 

A 30-nm FWHM bandpass filter takes into account the bandwidth limitation  

of the DF gain. Finally, the NOLM is formed by 10 m of standard fiber (SMF2,  

D = 17 ps/nm/km) twisted at a rate of 5 turns per meter, and a QWR whose angle was 

adjusted for small nonzero low-power NOLM transmission (≈ 0.1). The propagation 

in each fiber section is calculated by integrating the coupled extended nonlinear 

Schrödinger equations (NLSEs): 
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(5.3) 

In the case of the NOLM loop, integration is carried out in both directions. In both 

equations the first term is dispersion, the second is Kerr nonlinearities (SPM and 

XPM) and the third one in gain (for the DF only).  
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A small-amplitude Gaussian white noise at 1550 nm is used as initial signal at 5 W. 

Integration is then performed over several cycles, until a steady state is obtained. It 

has to be noted however that, in the case of NLP operation, strictly speaking no 

steady state is reached, considering the chaotic nature of these pulses, whose internal 

structure changes after each round-trip. In this case however, it is considered that a 

“stable” NLP operation is obtained once the global properties of the NLP remain 

fairly stable over successive round-trips, and integration is then stopped. The NLPs 

obtained through the F8L were studied in their dynamics and then were used to 

simulate SC generation in some pieces of SMF. 

5.2 The numerical methods 

The two methods used in the present study are presented below. First, the Split-Step 

Fourier (SSF) method, used to model the laser that produces the NLPs, and then the 

Fourth-Order Runge–Kutta in the Interaction Picture (RK4IP) method, used to 

generate SC spectra. To understand the philosophy behind these methods, we 

consider first the general nonlinear Schrödinger equation (GNLSE) written as 
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(5.4) 

where  (   ) is the complex field envelope propagating in the   direction,   is the 

retarded time for a reference frame travelling a distance   at the envelope group 

velocity,   is the wavelength-dependent attenuation constant,   is the nonlinear 

coefficient of the fiber fundamental mode,    are the mth-order dispersion 

coefficients around the carrier frequency   , and    is the Raman effect value 
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(fractional contribution of   ( )), which has been obtained from the maximum 

Raman gain [32]. We can observe that Eq. (5.4) is composed of two main sections: 

the dispersive effects (first line) and the nonlinear effects (second and third lines). In 

this equation, the delayed Raman response function   ( ) is defined as  

  ( )  (     )   ( )       ( ) (5.5) 

with 
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where Eq. (5.6) and (5.7) are the isotropic and anisotropic parts of Eq. (5.5), 

respectively, with         as the inverse average phonon circular frequency,    as 

the damping time of phonons, and    as the relative contribution of the boson peak. 

Particular values for Eqs. (5.4) to (5.7) have been taken from Tables 1 and 2 [96]. 

Table 1. Raman parameters. 

Parameter Value 

           

         

         

        

        

        

        
 

Table 2. Standard fiber parameters. 

Parameter Value 

                 

           
 

In the case of using PCF as the nonlinear medium for SC generation instead of SMF 

(this is not the case), values of    can be calculated numerically for an integer   

[23], such as those exemplified in Table 3 [97], by solving the transcendental 

equation 
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where    and    are Bessel functions, and   
  and   

  are their respective 

derivatives. A detailed procedure to obtain Eq. (5.8) can be found in [98]. 

Table 3. Parameters for a PCF. 

Parameter Value 

                 

                     

                      

                     

                       

                      

          

To be solved the differential equation (5.4) by conventional explicit methods such  

as the SSF or RK4IP, it must be rewritten as 

 

  
 (   )  ( ̂   ̂)  (   )  (5.9) 

where  ̂ is a differential operator that accounts for dispersion and losses within a 

linear medium, and  ̂ (non-dispersive term) is a nonlinear operator that governs the 

effect of fiber nonlinearities on pulse propagation [23]; these operators are given by 
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5.2.1 Split-Step Fourier method 

In general, dispersion and nonlinearity act together along the length of the fiber. The 

SSF method obtains an approximate solution by assuming that in propagating the 

optical field over a small distance  , the dispersive and nonlinear effects can be 

assumed to act independently. More specifically, propagation from   to       is 

carried out in two steps. In the first step, the nonlinearity acts alone, and  ̂    in  

Eq. (5.9); and in the second step, dispersion acts alone, and  ̂    in the same 

equation [23]. Mathematically, 

 (     )     (  ̂)    (   ̂)  (   )  (5.11) 

The first exponential operator of Eq. (5.11) can be evaluated in the Fourier domain 

using the prescription 

   (  ̂)  (   )        [  ̂(   )]     (   )  (5.12) 

where   denotes the Fourier-transform operation,   is the circular frequency in the 

Fourier domain, and  ̂(   ) is obtained from the dispersion operator of Eq. (5.4),  

by replacing the differential operator by    . The integration of the dispersion terms 

is performed in the frequency domain where the derivatives become simple 

multiplications whereas the nonlinear terms are integrated in the time domain. At 

each integration step, the method alternates between the time and frequency domains. 

5.2.2 Fourth-Order Runge–Kutta in the Interaction Picture method 

In this method, it is necessary to transform  (   ) from Eq. (5.11) into an interaction 

picture representation as follows: 

      ((    ) ̂)  (   )  (5.13) 

Equation (5.13) allows the use of explicit techniques to put the solution forward; then 

[27], its evolution is given by 
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The RK4IP method has midpoints which allow making half of the exponential 

transformations in Eq. (5.14). This is achieved with an appropriate choice of   :  

the separation distance between the interaction and normal pictures, defined as 

       ⁄ . As the integration is over the longitudinal step  , we have   ⁄   

    . Therefore, expressing the interaction picture in the normal one, we have  

 (     ) instead of  (   ): 
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And finally, we have  
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To obtain Eq. (5.17) in the normal picture representation it is necessary to perform 

four evaluations for each step of the nonlinear operator  ̂ and four more of the 

exponential dispersion operator. This means that eight FFTs are necessary in the 

process which has four predictions, each refining the previous one. 
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5.3 Obtainment and study of NLPs  

The integration, using the SSF method, was performed over several cycles until 

convergence is reached. The NLPs duration is limited to 100 ps (0.1 ns) due to 

computational time. An example of a NLP achieved with the F8L model is shown in 

Fig. 5.2(a), where we can appreciate the fine inner structure of this complex pulse; the 

spectrum of this same unique pulse is presented in Fig. 5.2(b), showing a noisy 

structure (Cfr. Fig. 2.17(a)).  

If we see the spectra of experimental NLPs, as those presented in Fig. 3.2(b) and 

3.4(b), we will find very smooth curves. This is because in experimental measure-

ments, an OSA always shows averaged spectra. If we consider for example the NLPs 

obtained experimentally in the present thesis (see Chapter 3) with a period of about  

1 µs, it would imply that the OSA is receiving almost a million pulses per second, 

averaging several of them. For this reason, in this numerical work, more than 1000 

NLPs were achieved trying to obtain comparable spectra to those that could be 

obtained experimentally. As in Fig. 3.5, some waveforms (non-consecutive cycles) 

are depicted in Fig. 5.3.  

 

 

Fig. 5.2. (a) Single NLP obtained numerically; (b) spectrum 

of this same unique pulse. 
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Fig. 5.3. Temporal waveforms of NLPs in non-consecutive 

cycles obtained numerically with the F8L model. 

 

However, if we observe sequences of dozens of pulses (consecutive cycles), complex 

dynamics similar to those reported experimentally in [7,53] and even the close 

relationship that exists with extreme optical events (rogue waves, RW) reported 

experimentally in [9] are manifested. For example, in a first sequence of 50 cycles of 

NLPs depicted in Fig. 5.4, it can be seen that the main bunch remains fairly stable 

while sub-packets are ejected towards longer times. We can even see how one of 

them is extinguished by cycle 40, labeled “ext” and marked with a yellow circle  

in Fig. 5.4(b), while other subsequently ejected sub-packets do not vanish before 

cycle 50 (Fig. 5.4(a) and 5.4(b)). 

By knowing that an extreme event is one whose amplitude exceeds 2.2 times the 

significant wave-height (SWH, average amplitude of the highest third of all events), 

Fig. 5.4(a) shows some extreme events because there are peaks that exceed that mean 

highest power (~25 W) even reaching almost three times this value (~65 W), as the 

extreme event depicted in Fig. 5.4(c), in cycle 10.  
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Fig. 5.4. Sequence of 50 consecutive cycles of a NLP from 

the numerical F8L model: (a) time evolution of a quite stable 

NLP envelope (with color scale of power, W); (b) top view, 

showing the detachment of sub-packets on the right and the 

extinction of one of them close to cycle 40; (c) single 

waveform of the rising of an extreme event.  
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In a second sequence of NLPs of little more than 100 cycles, depicted in Fig. 5.5(a), 

several sub-packets are expelled at longer times with very well-defined trajectories.  

It can be seen in Fig. 5.5(b) how one sub-packet (labeled “sp1”) detached after cycle 

53 collides with another sub-packet (labeled “sp2”) of different sub-pulses very 

possibly formed by the rising of an extreme event in cycle 53, shown in Fig. 5.5(d). 

After this collision, sp1 and sp2 are extinguished but a third sub-packet (labeled 

“sp3”) rises from the background radiation after a couple of cycles. In Fig. 5.5(b) this 

extreme event is marked with a dotted red circle, the trajectories of sp1 and sp2 with 

green and white arrows respectively, and the sp1-sp2 collision in a continuous yellow 

circle; Fig. 5.5(c) is a close-up view of Fig. 5.5(b), showing that sp2 travels at a speed 

higher than sp1 and the first three packets detached, so we demonstrated that there are 

sub-packets that move faster than others in a NLP internal dynamic. This can also be 

seen in the inset of Fig. 5.5(a). On the other hand, to the left of the main bunch, a  

C-shaped protruding trajectory can be observed in Fig. 5.5(b): this sub-packet, once 

expelled from the main bunch near cycle 60, drives away until completely stopped 

and then returns near cycle 90; even more examples of this type of dynamics can be 

noticed throughout the sequence, but within the main packet. Similar dynamics were 

also reported experimentally in [7,53]. 
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Fig. 5.5. Second sequence of NLPs (110 consecutive cycles): 

(a) detachment of some sub-packets at right traveling at the 

same speed (inset: close-up view of an extreme event whose 

produced sub-pulses collide with a sub-packet at different 

speeds); (b) top view, showing the extreme event, the 

collision and the sub-packets involved; (c) close-up view of 

(b) around this extreme event; (d) single waveform of the 

extreme event in question. 
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5.4 Supercontinuum generation using NLPs  

Although the F8L model yields results in terms of real and imaginary part of     

and   , only the right circular polarization states is taken into account for the SC 

generation simulation:     (  )        (  ). 

To obtain SC spectra using the RK4IP method, NLPs were propagated in different 

pieces of standard fiber (D = 17 ps/nm/km). As the NLPs obtained by the model 

described in Section 5.1 have an average peak power of ~20 W at the output, they 

were amplified to about 100 W to match these results with the experimental ones 

described in Section 3.1, since the configurations of these F8Ls are made mainly of 

standard telecom elements, despite the size of the cavities and the duration of the 

pulses. In order to ensure that the spectra did not expand indefinitely, and to take into 

account the large fiber attenuation far away from the 1550-nm region, a simple 

attenuation function was defined with parabolic shape; the attenuation function   is 

shown in Fig. 5.6:  
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 (5.18) 

 

Fig. 5.6. Attenuation function defined in Eq. (5.18) for the SC 

generation simulation.  
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However, a factor of 4.34 in   was used because there are two attenuation functions: 

one in terms of dB (in the computational code) and the other in arbitrary units (a.u.): 
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where     and      are the input and output powers, and   is the length of the fiber. 

By some algebra, we can write     in terms of   from Eq. (5.19), Then, we have 

            (5.20) 

 

 

 

Fig. 5.7. Comparison of averaged spectra based on the 

number of pulses (1 to 500 NLPs) for the 1000-m-SMF case. 
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Now, according to Section 4.1, four lengths of SMF fiber were defined as nonlinear 

medium: 100 m, 300 m, 600 m and 1000 m. Once SC spectra were obtained for one 

NLP, 500 NLPs were propagated in a piece of SMF averaging their spectra to obtain 

smooth curves, similar to those measured experimentally. It was observed that curves 

are fairly smooth starting from 100 NLPs, and for more than 200 pulses the curves 

show minimal improvements in terms of smoothness, as it can be seen in Fig. 5.7.  

In Fig. 5.8, the spectra for different lengths of SMF are compared taking the average 

of 200 NLPs, a number of pulses that we consider acceptable enough. According to 

the results shown in Fig. 4.2, the spectrum extends to longer wavelengths if length 

increases from 100 m to 300 m. In the numerical work, for as much as 300 m, the 

maximum spectral extension is practically reached and only flatness is improved for 

600 m and 1000 m. These preliminary numerical results are consistent with the 

experimental results presented in the first part of Section 4.1. 

Otherwise, for even much longer SMF lengths from 1 to 3 km, as shown in Fig. 5.9, 

the spectrum suffers more erosion due to attenuation and it is shortened some few of 

nm, which is consistent as well with the results of the aforementioned Section 4.1. 

 

 

Fig. 5.8. SC spectra at the output of the nonlinear element 

consisting of SMF. 
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Fig. 5.9. Comparison of spectra for three SMF long lengths. 

 

Although it is necessary to further improve the numerical work on SC generation, in 

particular to identify clearly the nonlinear phenomena involved in the formation of 

these spectra, these preliminary results present an acceptable behavior, at the light of 

the experimental results.  
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Final Remarks 

In this thesis we report the experimental study on the production of NLPs in two all-

fiber F8Ls and their use for SC generation in SMF and HNLF (1550-nm zero-

dispersion wavelength). By the appropriate polarization settings in both laser cavities, 

fairly stable regimes of NLPs were established; in this way, they allowed obtaining 

wide and very flattened spectra through optical fibers that are not optimized for this 

purpose like the SMF. 

In a first cavity, a conventional erbium F8L, NLPs were obtained and then were 

amplified and launched in an external nonlinear medium made of different sections of 

fiber, generating spectra extending over more than 300 nm using SMF only, and 

reaching almost 1000 nm by adding a piece of HNLF, using low pump power (25– 

35 mW); besides, these spectra present an excellent dynamic range of about 60 dB. 

Our numerical simulations confirmed our experimental demonstrations: the best 

spectral widening, optimizing the standard fiber length is given for about 300 m; 

shorter lengths of SMF do not extend enough the spectrum of NLPs and longer 

lengths erode the spectral extension near the 2-µm region due to the strong absorption 

of silica. 

On the other hand, in an Er/Yb double-clad F8L, we obtained NLPs with energy per 

pulse as high as 300 nJ where the absence of a polarizing element increased the 

degrees of freedom in the nonlinear evolution of the intracavity radiation. This is 

assumed to help avoiding the splitting of the pulses as the pumping power is 

increased, and to allow the generation of SC spectra of more than 200 nm directly at 

the laser output (limited by the range of the available OSA). In addition, by 

increasing the HML order and extending the length of the SMF in the ring section of 

the F8L, a spectrum over 160 nm of less than 3 dB of flatness was obtained. Finally, 

an extended SC spectrum of more than 450 nm was achieved in the fundamental 
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mode locking regime, launching the high-energy NLPs into a 100-m-long HNLF at 

the laser output without external amplifier. 

In a numerical F8L model more than 1000 NLPs were produced. Analyzing some 

dozens of consecutive cycles we could observe complex dynamics such as those we 

have already reported experimentally: extinction of sub-packets, production of sub-

pulses from extreme events, and collision of sub-packets with different speeds inside 

the main bunch. On the other hand, the other hundreds of NLPs were propagated 

numerically in sections of different lengths of standard fiber to generate SC, which 

confirmed our experimental results as mentioned above. 

As future work, we will continue with the experimental study on the generation of 

high-energy NLPs and their applications. Among these will be SC generation (with 

possible applications to OCT and optical device testing) and micro-drilling or micro-

marking. Besides, we shall work on the possible correlation between some dynamics 

of NLPs and the biological responses of some organisms. On the other hand, the 

numerical work will be followed up: the production and study of NLPs and their very 

rich dynamics and otherwise, a deeper study on SC generation in different kinds of 

fibers. 
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